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CHAPTER 1. INTRODUCTION 
Since the discovery by Bednorz and Millier of superconductivity above 30 K in 
the La-Ba-Cu-0 system in 1986 [1], there have been world-wide efforts to understand 
the superconducting mechanism and to synthesize new superconductors. Shortly after 
the discovery, higher Tc cuprate superconductors were discovered with superconduc­
tivity above 90 K in Ba2Cu^0'j [2], above 110 K in 125 
K in Tl2Ba2Ca2Cu^OiQ [3]. A common structural feature of the copper oxide su­
perconductors has been the presence of layers of corner sharing square CuO^ units. 
These Cu-02 layers are present in both hole and electron doped superconductors. 
In this dissertation, as a prototype high Tc superconductors, the studies of struc­
tures and magnetic properties of single layered La2CuO/^-Te[B.ieà structures will be 
presented. 
In La2-.y.SrxGuO^ series (T/0 phases), these structures form part of the 
strongly elongated octahedral CuOq units; in the ND2^^CCXCUO/^ series (T' phases) 
[4], form a square-planar coordination, while in the iVcÎ2_a;_yCea;5'rj^Cu04 (T* 
phases) [5] the Cu-02 layers are formed by corner sharing square pyramid CuO^ 
units. The series of ^<^2—compounds have been proved to be an impor­
tant prototype as a test sample for the evaluation of the mechanism of superconduc­
tivity. They are structurally simple. Their structure is based on that of K2NiF/^, and 
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there is only one Cu site per unit cell. One can also systematically vary the formal Cu 
oxidation state by simple chemical doping since the LajM"^^ {M = Ga,Sr,Ba) ra­
tio controls the carrier concentration. Furthermore, a simple variation of the dopant 
cation M does not have a monotonie influence on the superconducting transition 
temperature with changing ionic radius. 
The existence of the parent compound with the series, La2CuO^_^g, with its 
own unusual magnetic behavior [6] introduces the relation between magnetism and 
superconductivity in any model for the high Tq cuprate superconductors. Up to now, 
there are two important factors to be considered in connection with the mechanism of 
high Tc superconductivity: structural instabilities induced by highly two-dimensional 
crystallography and two-dimensional magnetic properties. 
The importance, of how lattice distortion, structural transition temperature, and 
the compositional evolution of La2CuO^ system are related to the transition from 
insulating to metallic to superconducting behavior, is immediately recognized [7]. 
The initial suggestion that charge density wave onset in orthorliombic La2GuO/^,_^g 
is suppressed by m'^'^ cation doping to give a tetragonal superconducting phase [8, 9], 
was disproved by powder neutron diffraction studies. Initially, it was suggested that 
the antiferromagnetic transition is a spin density wave instability of the square two-
dimensional Fermi surface La^CuO/^ , being rapidly suppressed on doping and giving 
a superconducting ground state. 
At high temperature, samples of Xa2_a;Ma;(7«04 (T phase) are in the body 
centered tetragonal lA/mmm structure [10]. This can be pictured as a layered per-
ovskite structure, in which a slab of La2CuO^ is much like a similar slab of the cubic 
perovskite structure LaCuO^. Instead sharing 0 atoms at the top and bottom of the 
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Cu Oq  octahedra and La atoms at the perovskite cube corner; the next slab is distinct 
and is displaced by ^(1,1,0) with respect to the one below. This not only leads to one 
more apical oxygen and one more La per formula unit, but also lowers the symmetry 
so that the 0 and La atoms do not lie at the same height. The structure can also be 
pictured as alternating planes of perovskite slabs and buckled rock-salt La-0 slabs of 
two layers, rotating 45° in the basal plane. When the temperature is lowered below 
~ 500 K, La2CuO^ transforms to an orthorhombic structure (0 phase) that can be 
described crystallographically as space group Cmca (equivalent to Abma and Bmba). 
The tetragonal to the orthorhombic distortion can be viewed at the simplest level as 
an approximate x \/2 superlattice formation, in which a' — b' = \/2a and J = c 
compared with those of the tetragonal La2CuO/^. Accompanying the orthorhombic 
distortion is an internal displacement of atoms [11], This distortion consists primarily 
of a rigid rotation by 5° of the CuOq octahedra around (1,-1,0) tetragonal axis, but 
with neighboring octahedra alternating in the direction of rotation. This rotation 
results in a corrugation of the Cu-02 layers in the tetragonal (110) direction. 
In addition, the lowering of symmetry allows a change of position of the La along 
the a' direction. The shift is in the direction toward the Oz atom at an octahedron 
apex which has rotated toward it. The rigid rotation of the octahedra is commonly 
observed in perovskites, and the displacements of La ions which can be viewed as 
a dimerization of the o\~ and La^'^ ions, also appear to be consistent with an 
attraction of oppositely charged ions [12]. Another observation is the consistency of 
the dominance of ionic forces, involving O ion repulsion. The stacking of layers has 
the effect that, when the apical oxygen ion at (0,0,0.187) is displaced along (110), the 
nearest apical 0 ion in the layer above also moves along (110). If the tilting alternates 
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from layer to layer, the second ion would be displaced toward the first, increasing 
the ionic interaction energy. All of these considerations are consistent with a purely 
ionic picture of the structural instability. When La is replaced by divalent M atoms, 
the structural transition temperature decreases [10, 13, 14, 15]. Fleming et al. [16] 
reported the mapping of the structural transition temperature in La2—j^SrxCuO^ 
in the (®,T') plane. For 0.2 < x, no structural transition was observed. The best 
superconductors, in terms of the superconducting transition temperature and volume 
fraction, occur in the composition range near x — 0.15, where the T/0 structural 
transition temperature approaches the superconducting transition temperature. 
There was a report [17] for a powder neutron diffraction that Lai^^Sr^ -[^^CuO^ 
with superconducting transition temperature Tc = 35 K displayed a 3° rotation and 
a'/t' = 1.005, which is more than half the ® = 0 distortion amplitude. In addi­
tion, there are several indications that the structural phase diagram involves a lower 
symmetry structure at low temperature. From the temperature dependence of high 
resolution x-ray diffraction of Lai^Baç^ 2^uO/\^, Moss et al, [14] found a line broad­
ening at 10 K that is not consistent with the orthorhombic symmetry. Paul et al. 
[15], using high resolution powder neutron diffraction, found a highly unusual tem­
perature dependence of the orthorhombic strain, (a —6)/^^ in Lai^^Sr^ -^^GuO/^. 
The strain increased normally below T/0 transition at 180 K, but at 70 K it dropped 
rapidly by a factor of 2 and then stayed constant. Similar behavior apparently has 
been observed for La-^^Sr^ with drop around 20 - 25 K [7]. Jorgensen et al. 
[18] suggested that these data could be understood in terms of another structure at 
low temperature. 
Axe et al. [19] found a low temperature tetragonal structure for Za2_a;5aajCu(94, 
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where the low temperature tetragonal structure was assigned as space group fég/Ticm 
and CUOQ octahedra are tilted along the conventional A' and 6' axes in alternating 
layers. This low temperature tetragonal structure also suppresses superconducting 
transition temperature significantly. Crawford et al. [20] found that a very large iso­
tope effect was obtained at exactly the same concentration x — 0.12 for which the 
transition to the low temperature tetragonal phase in BA doped material was the 
most complete. There were many reports of anomalous structural properties; Mi­
ll ailovic et al. [21] reported anomalous shifts of oxygen mode frequencies in cuprate 
superconductors and, with Raman data on apex-oxygen anharmonicity, inferred the 
vibronic mode coupling involved in polaron formation, de Leon et al. [22] reported 
the evidence for an axial oxygen-centered lattice fluctuation associated with the su­
perconducting transition with a double well potential at the oxygen site. Tan et al. 
[23] reported the strontium-induced oxygen defect structure in Za2_a,5rajCn04 and 
proposed that this defect oxygen was served as a mechanism for hole doping similar 
to that in superconducting oxygen-rich La2CuO^^^. 
After the discovery of high Tc superconductivity, there have been a few reports 
on the relations between the orthorhombic and the tetragonal structural transitions. 
Migliori et al. [24] reported the complete elastic constants and giant softening of 
cg0 in superconducting Lai^^^Sr^ Pickett et al. [25] calculated the band 
structure of '^sing local density functional theory, and found that 
the low temperature tetragonal structure was the most stable structure than those 
orthorhombic structures. Their calculations also indicated that the CUOQ octahe­
drons were unstable to an X-point [(1,1,0)7r/a] tilt in any direction, thereby leading 
to strongly anharmonic X-point vibrations. The tolerance factor based on a simple 
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ionic model well explained the crystal chemistry of stoichiometric {RE)2CuO^ [26]. 
Because of a number of peculiar normal and superconducting properties of these 
materials, there is a growing indication that non-BCS type mechanism may be re­
sponsible for the superconductivity. The phase diagram is rich because the super­
conductivity phase occurs near a metal-insulator transition, an antiferromagnetic as 
well as a structural instability. Interesting magnetic properties were discovered by 
neutron scattering experiments. The La2Cu0^j^^ has a susceptibility anomaly at a 
three-dimensional Néel temperature that is sensitive to the value of 8 [27]. Further­
more, the instantaneous two-dimensional antiferromagnetic correlations in La2GuO^ 
exceed 1000 Â for T ~ 200 K, with no staggered magnetization [28, 29]. It was con­
jectured that such fluctuations might destroy the antiferromagnetic long range order 
in the ground state, giving rise to a new state of the spin system, a quantum liquid 
state [30]. The superconductivity in these materials was then conjectured to arise 
from the behavior of a novel quantum fluid created out of a highly correlated set of 
electronic degrees of freedom. The Hubbard model was designed to study effects of 
electron correlations in such narrow band systems and in Anderson-Mott insulators. 
In the case of half filling, the Hubbard model is equivalent to the spin- ^  antifer­
romagnetic Heisenberg model on a square lattice with H = J • Sj . This 
Heisenberg Hamiltonian is assumed to describe antiferromagnetic undoped insulator 
La2CuO/^ or other undoped copper oxide materials. Doped La2CuO^ introduces 
holes on the CU-O2 plane. The doped CU-O2 planes may be described by Hubbard 
model. For a simpler case, ignoring the double occupancy of state, the Hubbard 
Hamiltonian becomes the basic Hamiltonian of t-J model [31]. For the undoped 
, Chakravarty et al. [32] found that the spin correlation length could be 
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fitted quantitatively with an analysis of the quantum mechanical nonlinear <r model 
in two space dimensions and predicted the antiferromagnetic ordered state at T = 
0 in an isolated CU-O2 layer. This is consistent with spin wave theory [33] for the 
nearest-neighbor spin-^ Heisenberg antiferromagnet on a square lattice. Auerbach et 
al. [33] applied the Schwinger boson mean-field theory to the square-lattice Heisen­
berg antiferromagnet at low temperatures and confirmed the renormahzed classical 
behavior of the correlation length. In addition, Birgeneau et al. [34] found the an­
tiferromagnetic spin correlation lengths in insulating, metallic, and superconducting 
La2_2.5ra;Cu04 . They also found the existence of two-dimensional (2D) short range 
antiferromagnetic correlations in the superconducting samples. The survival of 2D 
antiferromagnetic fluctuations in superconducting cuprate superconductors inferred 
the involvement of these fluctuations into the mechanism of superconductivity. 
The high Tc cuprates and parent compounds have provided a remarkably rich 
variety of normal state magnetic behaviors [35], from short-range static and dynamic 
antiferromagnetic ordering to long-range three-dimensional ordering. The observed 
two-dimensionality of the magnetic correlations in the Cu02 planes motivated a new 
theoretical understanding of the two-dimensional quantum spin 1/2 Heisenberg an­
tiferromagnet. Much current research is focused on developing theories showing the 
transition from the insulating local moment antiferromagnet to the doped materi­
als which exhibit high transition temperature superconductivity. The highly two-
dimensional structural nature also critically influences the physical properties in the 
high Tc cuprate superconductors, and this can induce anomalous or characteristic 
structural instabilities by specific phonon modes. In fact, these magnetic and struc­
tural properties in the high Tc cuprate superconductors are intermingled together. 
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Thus, many basic questions remain unsolved, including the microscopic mechanism 
for the superconductivity. Therefore, in this dissertation, we will deal with both as­
pects, i.e., the structural points and the magnetic nature, and provide new results 
and interpretations to assist for resolving the mechanism of cuprate superconduc­
tivity. In Chapter 2, we will discuss the new structures Ln2CuO'^^^^ {Ln = La, 
S = 0.17; Ln = Pr, Nd, Sm, Eu, and Gd, 5 = 0) and Nd2CuO^ type La2Cu0^^g 
and will discuss their structures with emphasis on the structural instabilities and how 
the structures are sensitive to the ionic environments. We will report the magnetic 
properties of new structures and La2_x^^^^'"'^A+6 synthesized by low temperature 
route from oxygen deficient La2—x^'''xCuO^ q'j and will compare their properties 
with those of solid state reacted La2^xSrxCuO/^. In Chapter 3 and 4, we will report 
the complete phase diagram of Xa2_jt.5'ra;Cti04_j.^ from three-dimensional antifer-
romagnetism to spin glass states by DC magnetic measurements and NQR studies 
and will provide a new evidence that the magnetic states are different from those of 
three-dimensional magnetic materials. 
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CHAPTER 2. SYNTHESIS OF NEW PHASES Ln2_^MxCu04^^^ 
(Ln = La, Pr, Nd, Sm, Eu, Gd', M = Ca, Sr) 
Introduction 
The nature of the Cu-0 networks in the high Tq cuprate superconductors is 
intimately related to the doping and superconducting properties. Various configu­
rations are found. The La2—system [13] has the K2NiF^-iy^e (T/0-
phase) structure containing edge-shared CuO^ octahedra arranged in a planar array, 
and the Nd2CuO/^-iy^e (T'-phase) structure in which 
the apical oxygens in the T/0 structure are shifted away from the Cu atoms so 
as to form lines of oxygen atoms along the c axis perpendicular to the CU-O2 
planes. The structure of FBagCïigOy [37] contains both CU-O2 plane and Cu-
0 chain elements. Nonsuperconducting [38] Sr2GuO'^ [39] (S-phase) has isolated 
Cu-O-^ chains running along the a axis of the orthorhombic structure. The T/0, 
T', and S structures are shown in Figure 2.1. From Figure 2.1, removing one-half 
of the oxygens in the CU-O2 plane transforms the T/0 structure to the S struc­
ture, whereas translating the apical oxygens to positions on the faces of the unit cell 
converts the T/0 phase to the T' phase. Ln2Cu0^j^y {Ln = La, Pr, Nd, Sm, 
En, Gd) type compositions have varieties of physical properties including hole super­
conductors La2^xiCa, Sr, Ba)xCuO/^ (T/0) [1] and electron type superconductors 
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{Nd,Pr,Sm,Eu)2-xCexCu04, (f ) [4]. 
Transitions between the T% T/0, and S phases were found in the Nd^CuO/^-
Sr2GuO^ systems [38]. Annealing T/O-phase La2CuO/^ , La2NiO/^ , and L(L2CoO^ 
in oxygen at various pressures induces formation of oxygen-rich phases, with two-
phase regions between these phases and the stoichiometric La2T0^ {T = Cw, Ni, Co) 
compounds [40, 41]. Subtle structural changes at low temperatures strongly influence 
the superconducting behavior of the T/O-phase La2^,j.^axCuO^ system [42]. The 
orthorhombic distortion of the parent T/O-type compound La2CuO^ arises from 
softening of a particular zone-boundary phonon mode [43], and this compound may 
also exhibit a low-temperature structural instability [44]. In the case of La2CuO^ , 
oxygen-rich samples with overall stoichiometry La2CuO/^ Q^ and La2CuO/^ were 
obtained [40, 41]. By applying high oxygen pressure to La2CuO^ at ~ 600°C, two-
phase (below ~ 280 K) La2CuO^^^ {S % 0.032) is obtained in which the oxygen-rich 
phase becomes a bulk superconductor below Tc % 40 K. 
Another distinct character is highly two-dimensional structural and physical 
properties. These structures can be understood as framework of three-dimensional 
LnCuO^ with inclusion of Ln-0 layer between Cu-02 planes. The tolerance fac­
tor, which uses simple ionic radii to understand structural stability with nine fold 
coordination Ln and six-fold coordination Cu, is quite successful to predict and to 
explain the stability of a particular structure. The tolerance factor i is given as 
t = (Ln — 0)/\/2{Cu — O), and t = 1 represents perfect bond match for K2^^F^ 
related structure. Therefore, if t is smaller than 1, it shows a structural instability. 
The stabilities of K2NiF^ related cuprate structures are mostly related to the value 
of the tolerance factors. Bringly et al. [45] found that the critical value of t for the 
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La2Cu04 SraCuOa Nd2Cu04 
o :La, Sr, and Nd o:0 
• :Cu o:Vacancy 
Figure 2.1: Structure of (a) La2CuO^ (T/0 phase), (b) SV2CUO2 (S phase), and 
Nd2CuO^ (T' phase) [43] 
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stability of T/0 phase was 0.865. Therefore, according to Ref. [45], the undoped 
La2CuO^ is in the vicinity of the structural instability. For small rare earth doping 
on La sites, we expect an increase of the structural instabilities, which was shown by 
Manthiram et al. [46] that this is valid. The observation of T' structure in undoped 
La2CuO^ [47] also can be understood as tendency of stabilizing the structure by 
changing the atomic coordinations, and the structural distortion in T/0 can be un­
derstood as cooperative tilting of CuOq octahedra to relax to have a larger tolerance 
factor. Neutron diffraction refinement of La2CuO^ system [8] shows an anomalous 
dynamic or quasistatic displacement, as represented by large ellipsoid elongated along 
ab axes. Cohen et al. [48], using potential-induced breathing model (ionic metal) 
and LDA (local density approximation), predicted a lower-symmetry-ground-state, 
and found unstable phonon branches and unstable tilt modes. Nonsuperconducting 
Sr2Cu02Cl2 , which has isostructure with La2CuO^ but replace apical oxygens for 
chlorines, shows isotropic thermal motion of apical CI [49] by neutron refinements. 
With the fact that the tolerance factor, which is based on rigid ionic radii, can 
explain much of the structural transition, where the transition is related to certain 
ionic radius, the structural refinements of high Tc superconductors also show anoma­
lous large anisotropic thermal factors, especially for the apical oxygens of La2Cv,0^ 
systems as an evidence. Therefore, it is interesting to study and to understand present 
works as an effect of structural instability. 
In this chapter, exposing Ln2CuO^ {Ln = La, Pr, Nd, Sm, Eu, Gd) com­
pounds to hydrogen at low (300°C) temperatures, which lead to new Ln2GuO^_y 
compounds, where y = 1/3 for /in = Za and y = lf2 for Ln = Pr, Nd, Sm, Eu, 
and Gd, will be discussed. The La, Pr, and Nd compounds appear to have struc­
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tures related to that of Sr2CuO^ . Similarly, hydrogen-treating the T*-type com­
pounds [4, 5, 50, 51] Lai ^Dy^^CuO/^ and La-^ 'jCuO^ also leads to new com­
pounds, where y = 0.39 for the Dy compound. Also, the synthesis of the T/O-phase 
La2CuOi:^j^y containing excess oxygen {y < 0.06) and the synthesis of a new T'-phase 
system La2CuO/^j^y which has a high excess oxygen solubility (0.10 < y < 0.42) will 
be discussed. None of the above compounds exhibit superconductivity above 5 K as 
determined by magnetization measurements in a field of 50 G. 
We also extend our study to doped La2—x^^xCuOi^^y and La2CuO/^j^y with 
synthesis, x-ray diffraction including low temperature, and magnetic properties under 
several different processes including high oxygen pressure up to 170 bars. Especially, 
comparisons of high pressured samples from original sintered T/0-phase and of high 
pressured ones from oxygen deficient S-phase give insight of the role of oxygens to 
the structural stability. The nature of oxygen species will be addressed separately 
152], 
Finally, we investigate the change of structure and property induced by hydro­
gen reduction and by subsequent oxidation of the Ln2CuO^ (Ln = La, Pr, Sm, 
Eu, Gd) high Tc parent compounds as well as of the La2_a;5'ra;Cti6)4 supercon­
ducting system. We find a new T'-phase La2Cu0^j^^ (0.10 < f < 0.42) system 
which shows no evidence for superconductivity. The new T/O-phase compositions 
//a2_a;5'ra;Cw04_(_^ found (0.02 < z < 0.20, 0.05 < f < 0.50) also do not exhibit 
bulk superconductivity, even though the formal doped hole concentrations span the 
established optimum range for f = 0. 
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Experimental 
Powder samples of T/O-phase La2CuO^ and T'-phase Ln2CuO^ {Ln = Pr, 
Nd, Sm, Eu, Gd) were prepared from stoichiometric mixtures of CuO and predried 
^"•2^3 • The ground powders were sintered in air for 12 h at 925° C and 1 h at 1100°C 
with several intermediate grindings. The final samples were air-quenched from 925° C 
to room temperature and found to be a single phase by a powder x-ray diffraction. 
To prepare powder samples of T/0 La2—^{Ca,ST)xC•^tO^^, stoichiometric amount of 
high purity ' SrCO^ , CaCO^ , and CuO were calcined in 850° C in air for 12 
hours. After initial sintering, the mixture were throughly grounded and pelletized, 
then sintered in air at 1050° C for 24 hours. Between re-pelletization, powder x-
ray diffraction measurements were used to ensure the phase purities. Finally, all 
samples are annealed in oxygen environment at 650° C and 24 hrs and cooled to 
room temperature with 12 hrs ramping. X-ray data were obtained using a Rigaku 
diffractometer. Lattice parameters were determined using Si powder as an internal 
standard. Oxygen contents were determined in 5 mol% H2IHe using a Perkin-Elmer 
TGA 7 thermogravimetric analyzer (TGA) with an accuracy of ±0.01. 
Results 
Synthesis and x-ray diffractions 
Ln2GuO^ _ y  c o m p o u n d s  (Ln = La, Pr, Nd, Sm, Eu, Gd) Weight versus tem­
perature profiles obtained using the TGA in 5 mol% H2lHe at a temperature scan 
rate of 5°C/min for the Ln2GuO^ starting materials are shown in Figure 2.2. In­
flection points in most of the curves are seen at ~ 350° - 450°C, suggesting the 
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formation of new reduced oxygen content phases. To check this possibility, isother­
mal reductions of the starting compounds in the same gas mixture were carried out 
at ~ 300°C (below the inflection point temperatures). Figure 2.3 shows a typical 
isothermal TGA profile for La2CuOi^ at 330°C. The product after 1 h has a com­
position La2CuO'^ Q<j and is very loose and fine grained, compared with the starting 
material. The x-ray diffraction pattern of this product is shown in Figure 2.4(a) 
and shows similar x-ray pattern with that of Sr2CuO^ shown in Figure 2.4(b). The 
small grain size, lattice disorder, and/or the material's metastable nature may be re­
sponsible for the broadened x-ray peaks. Using longer isothermal reduction times at 
330°C or the same time at higher temperatures usually decomposes the samples into 
a mixture of Gu metal and La20^ . The same S-phase like La2CuO^ q'j, but with 
somewhat higher oxygen contents up to 3.76, was obtained at lower gas flow rates 
and showed different intensities of the x-ray diffraction peaks at ~ 27° compared with 
samples with oxygen content 3.67. Isothermal hydrogen reductions of the Ln2CuO/^ 
(Ln — Pr, Nd) starting materials similar to that of La2GuO/:^ above yielded prod­
ucts with oxygen stoichiometry 3.50 and x-ray patterns as shown in Figure 2.4(c) 
and (d). The x-ray patterns of Ln2CuO^^ phases with Ln = Sm, Eu, and Gd are 
shown ill Figure 2.5. 
The major differences between the Ln2CuO^^ and La2CuO^ q 'j phases are 
that the former does not show significant grain size reductions after treatment and 
need much longer times (< 10 h, depending on the Ln ion) at 300°C to obtain 
single-phase products without the occurrence of decomposition. The x-ray patterns 
of La2CuO^ Q'j and of Ln2CuO^^ with Ln = Pr and Nd, can be indexed but not 
with Ln = Sm, Eu, or Gd, on the basis of the orthorhombic (Immm) 
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Figure 2.2: Sample weight vs. temperature in 5 mol% H2lHe upon increasing the 
temperature at a rate of 5°C/min for Ln2CuO^ [Ln = La, Pr, Nd, 
Sm, Eu, Gd) compounds 
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Table 2.1: Summary of samples studied by powder x-ray diffraction at 295K 
Sample Structure a(Â) B(Â) c(Â) V(À^) 
Z:A2(7U04_OO^ T 3.792% 3.825% 13.170 191.02% 
PR2CTI04.OO^ T' 3.958 12.288 192.50 
T' 3.937 12.150 188.32 
Sr2CuO^ S 3.906 3.496 12.684 173.21 
La2Cu02,Q7 S 4.278 3.870 12.241 202.68 
Pr2Cu03,49 S 4.254 3.794 12.005 193.76 
Nd2Cu02.so S 4.238 3.768 11.919 190.33 
L02CUO4 10 T' 4.004 12.546 201.18 
^«2^"^4.20 T' 4.007 12.549 201.46 
La2Cu04^23 T' 4.009 12.547 201.69 
La2CuO^^QQ T/0 3.804 13.152 190.29 
Z,A2C%O4.03 T/0 3.802 13.150 190.03 
^ Starting materials. 
^ The a and b axes have been reduced by 1/^/2 for comparison with the other 
compounds. 
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unit cell. The lattice parameters are listed in Table 2.1. A significant increase in cell 
volume was observed in the La, f r, and Nd samples, relative to those of the respective 
Ln2CuO^ starting materials. The S-phase La2Cu02,%'j has a compressed c axis and 
elongated a and 6 axes and a cell volume approximately 6% larger than the original 
T/O-phase La2GuO/^ . The unit-cell volumes of Pr2Cu02,^ and Nd2CuO'^^ , on 
the other hand, are only about 1% larger than the original T'-phase cell volumes. 
The Zn2Cu03 5 compounds have the same stoichiometry as the known compounds 
Ca2(jF'e, Afn)(93 5 [53, 54, 55]. 
Nd2CuO^-iY'pe (T'-phase) La2CuO/^j^y T'-phase La2CuO^_^y sample was 
obtained from the above S-phase La2CuO^ samples by heating under an oxygen 
flow at relatively low temperatures. Figure 2.6(a) shows a typical TGA profile for 
a La2CuO^ Qj sample heated in an oxygen flow of 40 cm^/min as the temperature 
increased from 50° to 850°C at a rate of 5°C/min. Remarkably, the oxygen content 
increases to 4.42 at ~ 300°C, far above the stoichiometric value of 4, then decreases 
with further increase in temperature. X-ray diffraction analysis revealed that if the 
experiment is interrupted when the temperature is 300° to 500° C and the sample 
cooled to room temperature, the sample showed the T' structure rather than T/0 
structure of the La2CuOi^ starting material. On the other hand, samples obtained 
by interrupting the experiments at temperatures above 600°C showed the T/0 struc­
ture. The T' structure appears to be metastable, since once the T/0 structure has 
formed at the higher temperature, the T' structure and associated large oxygen excess 
do not reappear upon slow cooling, as illustrated in Figure 2.6(a); here, the cooling 
rate was l°C/min. Shown in Figure 2.6(b) is a differential thermal analysis (DTA) 
22 
profile of a La2GuO^ Q'j sample under oxygen. The data clearly reveal that there 
are phase transitions at 200° - 300° C and 500° - 520° C, which were interpreted as 
S- to T'- and T'- to T/0- structure-phase transitions, respectively. Different oxygen 
contents in the T'-phase compounds can be obtained by varying the oxygen annealing 
temperature (300° - 500°C) and annealing time. Based on data so far, the oxygen 
homogeneity range for the T' structure is 4.10 - 4.42. Additional treatments such as 
vacuum annealing and Zr gettering at different temperatures failed to reduce y in 
single-phase samples below 0.10; such attempts led to contamination by the S-phase. 
The excess-oxygen T'-phase samples are stable with time; for example, a sample with 
y = 0.33 did not change its oxygen content after storage for two months in a des­
iccator. The x-ray diffraction pattern for T'-phase jg is shown in Figure 
2.7(a). Broadened peaks are apparent, which arise for the same reasons as for the 
S-phase La2^^^3.67 cited above. One may compare the pattern in Figure 2.7(a) 
with that of the T'-type Pr2GuOi^ , which is shown in Figure 2.7(b). The pattern in 
Figure 2.7(a) was indexed on the T' unit cell, and the lattice parameters are shown 
in Table 2.1. There is a 1.5% reduction in unit-cell volume upon transforming from 
the S to the T' structure, accompanied by an increase in the c axis parameter. 
Nd2CuO^-typft (T' phase) Ln^GuO^j^y {Ln = Pr,Nd,Sm,Eu,Gd) By 
annealing the S-phase Ln2GuO^^ in oxygen at temperatures higher than 300°C, the 
samples quickly gain oxygen and transform back to the T' structure Ln2Gu04.^y , 
where y = 0.01, 0.03, 0.01, —0.02, and —0.02 with accuracy ± 0.01 for the above 
respective Ln compounds. Figure 2.8 (curve c) shows a typical TGA profile for 
Nd2CuO^^ obtained upon heating in oxygen at 10°C/min; data for La2CuO^ 
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(curve a) and LanDy^^CuO'^^i (curve b) are shown for comparison. 
A'2 A^zF^-type (T/O-phase) La2Cu0^^Y T/O-phase La2Cu0^^Y samples 
were made from the S-phase La2CuO^ Q'j by heating in an oxygen flow from 50°C 
up to a maximum temperature ranging from 650° to 925°C, followed by 
cooling to room temperature; the weights of the samples were monitored as shown 
above in Figure 2.6(a) and 2.8. Samples with different oxygen contents were obtained 
by varying the heating and cooling rates; oxygen contents between 4.06 
{TmAX ~ and 3.99 ~ 925°C) were obtained, as shown in Table 
2.2, where the heating and cooling rates are also shown for each sample. The samples 
with higher oxygen contents tend to exhibit smaller orthorhombic distortions than 
the more stoichiometric samples. This can be seen directly from the x-ray patterns 
as shown in Figure 2.9, where the pattern for La2CuO/^ QQ [Figure 2.9(b)) is com­
pared with that of the La2CuO^^ starting material [Figure 2.9(a)]. Since the former 
sample showed very little orthorhombic distortion, the x-ray pattern was indexed on 
the tetragonal unit cell (Table 2.1). The decrease in orthorhombicity with increas­
ing oxygen content is consistent with the decrease in the orthorhombic-tetragonal 
transition temperature with increasing oxygen content reported previously [56]. For 
values of lower than 650°C, the x-ray patterns showed broader peaks than in 
Figure 2.9(a), although the broadening was not enough to smear two orthorhombic 
split peaks such as the (020) and (200) peaks into one peak. By increasing 
to 925° - 1100° C and annealing for much more than 15 h, the sample became indis­
tinguishable from the original La2GuO/^ starting material. 
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Table 2.2: Summary of samples treated by hydrogen and subsequent oxygen an­
nealing. Oxygen contents were measured by TGA with an accuracy of 
±0.01 
Sample ! structure (°C) Time (h) 0<} heating/cooling rate (°C) 
La2Cu0^lQ t' 500 2 5/5+He, 500° C, 1 h (40/100) 
La2CuOi^lQ T' 500 2 5/5+He, 500° C, 1 h (20/100) 
La2Cu0^2Q t' 500 è 5/5 
La2Ctt(94 21 t/ 500 2 5/5 
Za2Cw04 33 t' 280 8 5/100 
Za2C«04 42 T' 300 1 1/100 
Z:a2(7n03,99 T/0 925 t 
n 
100/quench 
La2Cu0^^l T/0 850 100/quench 
^«2^^(^4.01 T/0 800 100/quench 
La2Cu0^^2 T/0 740 100/quench 
La2CuO^Q2 T/0 650 2 5/40+He, 650°C, 30 min (40/100) 
La2Cu04Q2 T/0 620 24 100/quench 
La2CuO^Q2 T/0 700 è 100/quench 
La2C«04_o5 T/0 650 0 5/10+He, 650° C, 1 h (40/100) 
La2CuO^QQ T/0 650 R 5/1 
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Some of T* phases Most of the samples above were prepared in small quan­
tities (100 mg) in the TGA for crystallographic, magnetic, and electronic transport 
studies. In order to improve the crystallinity of S-phase and T'-phase La^CuOx 
samples, various annealing procedures were tried. Some were successful in improving 
the crystallinity. For example, the x-ray pattern for S-phase La2Cu0^ jQ showed no 
change after annealing in a sealed evacuated quartz tube at 300°C for 24 h. However, 
increasing the annealing temperature to 500°G (24 h) improved the crystallinity as 
seen by sharpening of some x-ray diffraction peaks, as shown in Figure 2.10, and 
caused the oxygen content to decrease to 3.66; slight sample decomposition may also 
have occurred as evidenced by the emergence of the weak peak at 39° which may 
belong to La20^ . Annealing T'-phase samples in sealed evacuated quartz tubes 
at 300° - 400° C for more than 15 h has little effect other than to induce growth 
of small amounts of the S-phase, but raising the temperature to 500°C also causes 
T/O-phase impurity to form. Exposing the T*-type compounds La-^^ -^DyQ gCuO/^ 
and Lai^TbQ jCuO/^ to hydrogen led to similar behavior as seen for the Ln2CuO^ 
compounds above. TGA scans for the Dy compound are shown in Figure 2.11. From 
Figure 2.11(b), isothermal annealing in 5 mol% H2IHe at 300°G leads to a compound 
with oxygen content 3.61; powder x-ray diffraction patterns indicate an S-type struc­
ture for each compound, with broadened diffraction peaks as in La2Cu0^j^y above. 
Subsequent oxidation causes the original T* structure to be recovered, but with an 
oxygen content up to 4.12 [Figure 2.11(c)]. The data taken on cooling in Figure 
2.11(c) suggest that the compositions with oxygen contents above 4 are metastable. 
Magnetization measurements in applied magnetic field of 50 G were carried out down 
to 5 K. These measurements showed no evidence for superconductivity in any of these 
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compounds. 
Xa2_a.Ma;CiiOj/ compounds To prepare samples of La2-.^MxCuOwe 
used the two-step method described above. As-prepared La2-.xMxCuO/^ {M = 
Ca, Sr] X = 0, 0.05,0.15) were treated in a thermogravimetric analyser (Perkin-
Elmer TGA7) under 5 mol% H2lHe mixture, typically 40 cc/min flowing rate at 
between 300°C and 330°0 for 1 to 3 hours to form Xa2—^ ^ 1/3) 
with ST2CUO^ type structure (S-phase). Then the S-phase samples were treated 
under pure oxygen flow with heating rate l°C/min to various maximum temperatures 
(300°C < < 850°C) and furnace cooled. Typical annealing time at 
is from 30 minutes to 24 hrs for the sample with < 500°C. Annealing the 
samples in oxygen leads to the new system 
with 5 up to 0.50. For 0 < z < 0.1, the T'-, T/0- or a mixture of the T'- and T/0-
phase is obtained, depending on x and the oxygen annealing temperature. For 0.1 < 
X < 0.2, only the T/0 structure forms, irrespective of the annealing temperature. All 
T/O-phase samples with 0.02 < x and 0.01 < 8 are tetragonal at room temperature, 
whereas, e.g., the x = 0.02 and 0.05 starting materials are orthorhombic at 295 
K. These and the above data for La2CuO^_^g are consistent with previous results 
which indicated that the orthorhombic-tetragonal transition temperature decreased 
with increasing oxygen content [56, 57] and Sr or Ba [58] doping. 
Some of the original samples and the S-phase samples were treated under high 
pure oxygen pressure. Loosely pelletized powder were placed in Au tube and sealed in 
a high pressure vessel (LEGO MRA238) with 170 bars high purity (99.999%) oxygen 
at room temperature. Annealing condition was 650° C and typically 48 hrs with slow 
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cooling to room temperature. 
The typical oxygen reduction and reoxygenation of the S-phase for La2CuO/^ 
was shown in Figure 2.3 and Figure 2.6(a). Lai^^Sr^ Q^CuO/^, L^I^^^STQ I^CUO^ 
and Lai^^Caç^ i^CuO^ also showed very similar behaviors except slight change of 
a structural transition temperature. Typical TGA and DTA of Ca and Sr doped 
samples is shown in Figure 2.12. For i^CuOy {LCCO), the DTA shows 
two nearly overlapping peaks around 200°C, but for Lai Q^STQ i^CuOy {LSCO), 
the DTA shows one peak character around 250° C slightly above the main peak of 
LCCO. The second peak in LCCO almost corresponds to the peak in LSCO. DTA 
of La2GuOy shows similar behavior with LCCO. Therefore, there is a distinct 
difference between LCCO and LSCO for the DTA, which is presumably associated 
with the structural transition, where there is an additional transition from T' to 
T/0 in LCCO by x-ray diffraction data. With oxygen absorption, the decreases 
of oxygen contents above 300° C also show different behaviors between LCCO and 
LSCO. LCCO keeps oxygen up to higher temperature than LSCO, but both show 
distinct endotherm around 500°C. Distinct differences among LSCO and undoped 
La2CuOy and LCCO are that there exists Nd2CuO^ type (T') phase in LCCO 
and La2CuOy, but no observation for LSCO (T/0). Therefore, the nature of two 
peaks in LCCO can be understood as the appearance of T' structure, where there are 
rotations of apical oxygens into tetrahedral oxygens from S-phase to the T' structure. 
For LSCO, we only observed the structural change from the S-phase to the T/0 
phase associated with oxygens uptake. Preliminary result [59] for lower Sr doped 
LSCO shows two distinct peaks of DTA so that it is evident that the first peak in 
LCCO results from the rotation of apical oxygens. 
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Powder x-ray diffraction measurements were obtained using Rigaku diffractome-
ter with Cu Ka radiation, and the temperature control was obtained using He 4 
Displex close cycled refrigerator. Lattice parameters were determined with internal 
Si standard. The distinct difference observed at room temperature x-ray scans be­
tween the original sample and the sample with two-step method is the suppression 
of an orthorhombic distortion. Figure 2.13 shows x-ray patterns for La2CuO^ 
(170 bars), ggg , , Lai^^Srç^ i^GuO\s)4: 298 K 
and 27 K and T' While high pressurized La2CuO^ shows 
orthorhombic distortions at both room temperature and 27 K, the La2CuO^^^^ by 
two-step method shows pseudo-tetragonal structure down to 27 K (There are slight 
broadenings of peaks due to possible orthorhombic distortion, but we calculate the 
lattice parameters by assuming tetragonal structure). Also, ^(^l.gg'S'rQ 
and ^ai,95'5'ro_05^^^4.04 preserve the tetragonal structures down to 27 K. Morosin 
et al. [60] found that, at low temperatures, the orthorhombic distortion decreased with 
high pressure oxygen annealing of doped La2CuO^. A similar behavior of decreasing 
orthorhombic distortion with increasing oxygen content was found for La2CuO^_^^ 
compared with that of stoichiometric La2CuO^ [41, 61]. Therefore, according to 
the structural point of view, the structures of our two-step synthesized samples show 
tendencies of high pressured samples, where, compared with those of solid state sin­
tered samples with the same hole doping levels, both show less orthorhombicities. 
Figure 2.13(e) shows an evidence of the T' structure ^ai.85^®0.15^^^4.09 • There 
are significant broadenings of peaks possibly due to an internal nonuniform strain by 
high oxygen contents. 
Figure 2.14 shows lattice parameters obtained at each temperature for the above 
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samples made from S-phases. The oxygen contents were determined by TGA. There 
is a systematic increase of c-axis upon hole doping, as expected from hole doping to 
the structure, and a decrease of a-axis expected by the contraction by hole transfer 
to the CU-O2 plane, and the ratio c/a has about the same value with that of conven­
tional solid state reacted samples. Therefore, according to the lattice constants of the 
samples by two-step method, we expect the hole doping to the Cu-02 plane. But, 
while the change of volume is a little bit ambiguous, it shows a decreasing tendency as 
expected. At 27 K, there is a slight increase of a-axis, which may be due to the struc­
tural instability [62]. Figure 2.15 shows changes of parameters by changing 
for La2CuO^ , LSCO and LCCO at room temperature. The parameters shown at 
100°C represent the S-phase sample before oxygen annealing. Above 650° C, all sam­
ples show T/0 tetragonal phases at room temperature. For LCCO and La2CuO^ , 
we observed the first order phase transition by change from the T' to the T/0 phase 
with c-axis expansion and <2-axis contraction. For the T' phase, the volume increase 
is quite significant. The samples quenched at different temperatures show 
quite different behavior between LSCO and La2CuO/^, LCCO. The observations 
of Nd^CuO^ type structure for LCCO and La2Cu0^j^^ [47] are presumably due 
to an internal stress relief effect to match the bond length. At higher temperature, 
the T' structure transforms to the T/0 phase around 550°C. But for LSCO, there 
is no observation of the T' phase because of the larger tolerance factor by doping 
of Sr than that of undoped La2CuO^ , and there is only a slight change of lattice 
parameters for LSCO with substantial change of oxygen content. 
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Magnetic properties 
Since the observations of three-dimensional ordering for parent compounds of 
high Tc superconductors, the antiferromagnetic correlation in these systems became 
an interesting subject due to the possible relation with the superconductivity. Espe­
cially for the La2CuO/^ systems, there are many reports for the relevance of supercon­
ductivity with two-dimensional short range antiferromagnetic fluctuation. Therefore, 
it is interesting to compare the magnetic properties of title compounds and to find 
the relevance. Magnetic susceptibilities %(T) were measured using a Quantum Design 
superconducting quantum interference device (SQUID) magnetometer from 5 K to 
400 K. Ferromagnetic impurity contributions to the magnetization were negligible. 
Susceptibilities of Ln2CuO^^ The susceptibilities of Ln2CuO^ 5 made by 
the 5 mol% H2/He environment and Ln2CuO^, where Ln = Pr, Nd, Sm, Eu 
and Gd^ show similar behaviors irrespective of oxygen contents. There is no sig­
nificant contribution of localized Cu moment of Ln2CuO/^ compared with that of 
Ln2CuO^^ , which has no contribution from the Cu moment due to the closed shell 
of In addition, the Cu moment of Ln2CuO^ is ordered antiferromagnetically 
so that the contribution to the susceptibility becomes even smaller. The most signif­
icant contribution to the static susceptibility of these structures is the paramagnetic 
contribution by localized magnetic moments of Ln^'^ atoms. In fact, the saturation 
of susceptibilities of Ln = Pr shown in Figure 2.16(a) is due to the Van Vleck param­
agnetic contribution of Pr^'^ ions, where the ground state of Pr^'^ is nonmagnetic. 
The susceptibility of Ln = Nd in Figure 2.16(b) nearly follows the Curie-Weiss 
paramagnetic behaviors. However, susceptibilities of Sm2CuO^ and SmgCwOg g 
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in Figure 2.17(a) rather show the strong Van Vleck paramagnetic contribution in­
stead of the Curie-Weiss behavior. The antiferromagnetic ordering temperatures of 
Ln = Sm samples are determined by peaks of the susceptibilities at 7 K and 5 K, 
respectively. This indicates the decrease of the antiferromagnetic ordering tempera­
ture for Ln2CuO^^ than that of Ln2CuO^ possibly due to the structural difference. 
The susceptibility of Ln = Eu sample shown in Figure 2.17(b) shows the strong Van 
Vleck paramagnetism at low temperatures, where, at higher temperature, the Curie-
Weiss paramagnetic contributions of Eu'^'^ are 3.47/i^ and 4.74/i^ per for 
EU2CUO^ and Eu2CuO^^, respectively. The susceptibility of Ln = Gd shown in 
Figure 2.18 follows the Curie-Weiss paramagnetic behavior. The effective magnetic 
moments and ^'s of Ln^'^ are given in Table 2.3. 
Susceptibilities of T'-phase La2Cu0^^g Susceptibility data with H = 5 
kG for two tetragonal T'-phase La2CuO^_^£ samples are shown in Figure 2.19(a). 
The data for the S = 0.20 and 0.08 samples are nearly identical, in contrast to data for 
the orthorhombic T/O-phase La2CuO^ which are extremely sensitive to the oxygen 
content [56, 57]. The data for S = 0.2, corrected for a Curie (C/T) term, are shown in 
the inset to Figure 2.19(a); these data suggest the occurrence of magnetic transitions 
near 50 K and 300 K. The Curie constant used in the inset to Figure 2.19(a) (C = 
2.9 X 10~^ cm^ K/g) corresponds to % 3% of the Cu atoms residing as isolated Cu^'^ 
defects. The data in the inset to Figure 2.19(a) suggest a trace of superconductivity 
below ~ 50 K, but low-field (50 G) data did not reveal any superconductivity above 
5 K. 
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Susceptibilities of T/O-phase La2Cu0^j^^ Susceptibility data for T/0-
phase La2Cu0^j^^ samples synthesized at different oxygen annealing temperatures 
are shown in Figure 2.19(b). As the oxygen content decreases to 5 = —0.01 (for a 
sample annealed at 925°C), susceptibility evolves into that of the La^CuO/^ parent 
compound. Our results are consistent with previous studies of the variation of %(T) 
with oxygen content in the T/O-phase La2CuO^ [56, 57]. Only the sample with 
6 = —0.01 shows any evidence for superconductivity, but low-field (50 G) measure­
ments did not reveal any superconductivity. The absence of superconductivity in our 
system strongly contrasts with the occurrence of bulk superconductivity in samples in 
which excess oxygen is introduced by high oxygen pressure annealing [39], suggesting 
important structural differences between the respective samples. 
Susceptibilities of The dependences of %(T) on Sr dop­
ing level for the tetragonal (at 295 K) T/O-phase La2-.ai^rxCuOj^_^^ samples, within 
same oxygen content (S = 0.05 to 0.07) and obtained by oxidizing the hydrogen-
reduced samples at 650°C, are shown in Figure 2.20(a) for the samples from x = 0.02 
to 0.10 with formal hole concentrations (p = 0.14 to 0.22) with the range of optimum 
superconductivity in conventionally prepared samples, no trace of superconductivity 
is seen in Figure 2.20(a); for x = 0.15 with p = 0.27, the superconductivity is not a 
bulk effect. Remarkably, for the heavily 5'r-doped samples with x = 0.1 and 0.15, the 
%(T) data indicate the occurrence of some type of magnetic and/or structural transi­
tion at ~ 50 K; the peak in %(T) is the most pronounced for x = 0.15. %(T) data for 
^®1,85'^^0.15^"^4-F6' samples are shown in Figure 2.20(b). Different values of S were 
obtained by varying the maximum oxygen annealing temperature. The data for each 
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sample indicate the occurrence of superconductivity below 30 - 40 K. The susceptibil­
ity of high oxygen content sample shows increasing behavior with oxygen content, and 
the temperature dependence of %(T) shows from increasing behavior with increas­
ing temperature for the superconducting to increasing behav­
ior with decreasing temperature for the nonsuperconducting 
The origin of the peak at 50 K is not yet known. %(T) data below ~ 40 K for 
^^1.85"^^0.15^^^4+6^ samples in Figure 2.20(b) with H = 50 G and H = 5 kG 
are shown in Figure 2.21(a) and 2.21(b), respectively. These data were taken after 
field cooling the samples to 5 K. The diamagnetism at 5 K decreases rapidly with 
increasing <?, and the superconductivity is seen not to be a bulk effect for 0.01 < 8. 
Susceptibilities of with different oxygen annealing 
environment We report the magnetic properties of La2CuOy , Lai q^Stq Q^CuOy ' 
^®1.85*^^0.15^"^y ' -^^1.85^®0.15^^^y prepared by original solid state sin­
tered samples, high pressurized samples using original samples, and samples with high 
pressure annealing started with S-phases produced by the two-step method. We also 
measured the magnetic property of T' Ziaj ggCaQThe measurements 
are done with a magnetic field of 10 kG. Figure 2.22(a) shows magnetic properties of 
La2CuOy . Compared with the original sample which shows a trace of superconduc­
tivity with the Néel temperature around 250 K, the high pressured sample shows a 
much stronger trace of superconductivity, but the sample started with S-phase shows 
no observable antiferromagnetic ordering around 250 K. Figure 2.22(b) shows mag­
netic properties of Lai Q^CuOy. Both the original and the high pressurized 
sample using the original sample show similar susceptibilities but slightly larger in 
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the pressurized sample. But, the susceptibility of the S-phase sample shows much 
larger value of susceptibility compared with that of the original sample and follows 
the Curie-Weiss behavior. 
Figure 2.22(c) and Figure 2.22(d) show susceptibilities of 
(M = 5r, Ca). The normal state susceptibilities of the original and the high pres­
surized samples show increasing behaviors with increasing temperature due to two-
dimensional antiferromagnetic (AF) fluctuation, but for the Lai^^Sr^ 
the broad maximum induced by two-dimensional AF fluctuation is shifted to lower 
temperature for the pressurized sample. The temperature dependence of the S-phase 
sample shows the Curie-Weiss-like temperature dependence, where the behavior is 
similar to the sample with Sr doping level above 0.2. The Ca doped samples show 
similar behaviors. Figure 2.22(e) shows magnetic properties of the T' sample without 
any sign of superconductivity and the magnitude of the susceptibility is much larger 
than that of the T/0 phase. It is possible that holes are localized in the T' structure. 
Resistivity measurements 
Due to the powder nature of the samples, reliable resistivity measurements could 
not be carried out. However, qualitative comparisons were made by measuring the 
resistivities at room temperature of pressed, but not sintered, bars. Sintering was not 
carried out, because the high temperatures required would have changed the structure 
and/or oxygen content of the samples. The resistivity of a pressed, but not sintered, 
bar of the uO^ bulk superconductor starting material was measured 
for comparison {p = 1.7 î2-cm). The resistivity of was found 
to be 0.8, 0.2, 0.8, 1.2 and 4.4 Q-cm for 8 — 0.036, 0.08, 0.10, 0.14 and 0.25, respec-
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tively. The value for Qg was similar (1.5 fi-cm). Comparison of 
these values with that of the above starting material suggests metallic character for 
each of samples. This suggestion is supported by the results of contactless Q-meter 
measurements at 14 MHz of the pressed pellet samples with x = 0.15 and S — 0.022, 
0.036 and 0.065, where the resistivities were found to be lower than that of the above 
X = 0.15 starting material. The observed absence of superconductivity is thus not 
easy to be understood, since the apparent doping level for this sample is optimum 
for superconductivity as previously established for this system [63]; subtle structural 
differences may be important, as in the La2^^BaxCuO^ system [42]. 
Similar resistivity measurements of the T'-type La2CuO^_j^^ yielded p = 1.2 kîî-
cm and 26 kO-cm for 6 = 0.1 and 0.2, respectively, indicating essentially insulating 
character. Thus, the doped holes due to the excess oxygen in this system appear 
to be localized. This is consistent with previous work which indicated that metallic 
T'-type materials can only be obtained by nominal electron-doping. 
Discussion 
The lattice parameters and structures of the samples synthesized in this work 
are summarized in Table 2.1. There are significant changes in the lattice constants 
between the S, T', and T/0 phases. For La2CuOx, the transition from the T/0 
to the S structure, which has elongated a and b axes and a compressed c axis rela­
tive to the T/0 structure, resulted in a large increase (6%) in the unit-cell volume. 
The shortened c axis is associated with oxygen loss from the Cu-02 plane, as in 
Zya2_a)'^^®^"^4—y [64]. When the T'-phase La2Cu0^j^y transforms to the T/0 
structure, a large decrease of 4.3% in the cell volume occurs. A similar cell volume 
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decrease was observed in a study of the La2^y,NdxCuO^ system [65], in which a 
T/0 to T' phase transition was induced by increasing x above 0.5. If we interpret the 
T/0 to T' transition in terms of a competition between La and Cu ions for bonding 
with the out-of-C«(92-plane oxygens, then in our case this competition must include 
the oxygen content. When the S phase transforms to the T' structure, two events can 
occur: filling of the vacant oxygen sites in Cu-02 plane of the S phase and translation 
of the apical oxygens to the faces of the unit cell. The conversion of the T' phase to 
the T/0 phase involves only the latter rearrangement; most of the excess oxygen in 
the T'-phase La2Cu0^^y is also removed during this process. The S phase is closer 
in structure to the T/0 phase than to the T' phase, as seen in Figure 2.1. Indeed, in 
the system of {Nd2CuO^)i_^(Sr2CuO^)x [38], the structure transforms from S to 
T/0 to T' with decreasing x. For our La2CuOx system, the phase transformation 
is from S to T' and then to T; the reason for the different transition order in the two 
systems is not clear, although in our case the excess oxygens in the T' phase appar­
ently stabilize this structure. On the other hand, the T' structure of La2Cu0^j^y 
appears only to be metastable, since once the T/0 structure is formed at higher 
temperatures, it does not transform back to T' on cooling. 
Our room temperature lattice parameter data for T/O-phase samples exhibit 
a decrease in the orthorhombic distortion with increasing y, consistent with previ­
ous observations [56] which showed that the orthorhombic-tetragonal phase transition 
temperature decreased with increasing oxygen content. Our T/O-phase La2Cu0^^y 
samples contain excess oxygen up to y = 0.06 and were produced without the high 
oxygen pressures needed previously to obtain y > 0. Samples of La2CuO^ Q^ [41] 
and La2Cu04 08 [40] made under high oxygen pressure showed bulk superconductiv-
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it,y below 40 K. These results are in strong contrast to the properties of our samples, 
which do not exhibit any evidence for superconductivity. From a single crystal neu­
tron diffraction study on La2Cu0^ ç^<^ [61], the excess oxygen is proposed to be 
a 
located at the interstitial site in the form of peroxide Og ions which are almost 
tetrahedrally coordinated to four nearest-neighbor La ions. On the other hand, an 
x-ray photoelectron spectroscopy study suggested that the excess oxygen is present 
as superoxide ions in the near-surface region [66]. The observed absence of 
superconductivity in our T/O-phase samples implies that the detailed structure is 
different than that of samples produced under high oxygen pressure. This difference 
will be explained below. 
The enormously high oxygen content T'-phase system La2Cu0^j^y (0.10 < y < 
0.42) shows nonsuperconducting behavior also; the S- and T'-phase limits are close to 
La^CuO I and La^GuO ^ , respectively, it seems possible that some of peroxide 
4-j 44-y 
ions such that the Cu atoms retain an oxidation state close to 4-2 when y > 0. 
This is consistent with preliminary resistivity data above which suggests that the 
La2CuOi!^^y compounds are insulators [67]. 
S-phase Ln2CuO^^ {Ln = Pr, Nd) and gy also have an excess of 
oxygen compared to the prototype Sr2Cu02 stoichiometry. The lattice positions of 
the excess oxygens are not yet known. For S-phase , new x-ray peaks 
(e.g., at 26 — 27°) arise compared to the Ln2CuO^^ x-ray patterns, implying a lower 
symmetry of the unit cell of the former with respect to the latter compounds. Similar 
extra peaks were also found for Ln = Sm, Eu, and Gd, but the structure(s) of these 
compounds is different from the S-structure and is not yet known. Finally, the new 
S-type compound ^®1.1^2/0.9^"^3.61 ' formed from the T* phase, has an oxygen 
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stoichiometry intermediate between the above value of 3.5 and 3.67; the original T* 
structure is recovered upon oxidizing this material, although the maximum value for 
T'-type La2CuO/^ji^y (4.42) and Nd^CuO^^j^y (4.03). 
It is possible that some of the excess oxygen in the T'-, and/or T/O-type 
La2Cu04_i.y compounds could be present only on the surface of the grains. An­
other possible source of systematic error in the absolute values of the oxygen contents 
measured for the various phases is the presence of additional phases in the starting 
materials and/or products which are undetected by x-ray analysis. 
The existence of the new £a2CuO^_^^ system with the T' structure demon­
strates that this structure can be doped with holes. This extends previous work 
which indicated that the structure can be doped with electrons [50], and confirms 
that the structure can contain excess oxygen [68]. Indeed, for La2Cu04^^, 5 can 
be as high as 0.42. On the other hand, from resistivity measurements on the T'-type 
La2CuO/^j^^ , these holes appear to be localized. The magnetic properties suggest 
that the holes are localized on the out-of-plane oxygen anions and are spin-paired, 
since the intrinsic susceptibilities of T'-type samples with 8 = 0.08 and 0.20 are small 
and nearly identical. The situation is apparently different in the new T/O-phase com­
positions containing excess oxygen (8 < 0.50). The resistivity 
measurements suggest metallic character for this system. The origin of sharp peak in 
x(T) at 50 K is still unidentified, but there is possibility that the magnetic moment of 
localized holes from excess oxygens may give some contribution to the susceptibility. 
The combinations of x and S studied for our systems were 
such as traverse the previous optimum hole doping level for superconductivity in 
this system [63] inclusive of whether the oxygen enters the lattice as o'^~ or 
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as limiting cases, and yet superconductivity was not observed. To investigate the 
microscopic picture of nonsuperconducting T/0 and T', we measured the nuclear 
quadrupole resonance (NQR) of La (see Chapter 4). The spin-lattice relaxation 
rate of T/O-phase La2CuOt^ showed a broad maximum around 70 K, which indi­
cated the three-dimensional antiferromagnetic ordering. Therefore, as indicated by 
%(T), there is a clear evidence that the excess oxygens reduce the Néel temperature. 
The spin-lattice relaxation rate of La^ i^GuO, which is nonsuperconduct­
ing observed by magnetic measurement, shows the Korringa-like (metallic) behavior. 
There was no anomaly around 50 K, while %(T) showed a peak at this tempera­
ture. Therefore, the peak observed in the susceptibility does not affect the metallic 
properties but affect the superconducting properties. The origin of nonsupercon-
ductivity of 15^^^4.04 inferred from several factors: first, the 
low temperature structure at 27 K shows a tetragonal structure, while the super­
conducting i^CuO^ shows an orthorhombic structure; second, there are 
broadenings of overall x-ray peaks which indicate the static (or dynamic) disorder 
of atomic sites, especially apical oxygens; third, there may be an incorporation of 
hydrogen in the structure due to the nature of the new synthesis method, where 
the S phase is produced by hydrogen reduction. But, the possibility of the third 
case will be low because of the metallic character of q4 , which 
is comparable to that of La-^^^Sr^ i^CuO/^. Therefore, the structural difference 
may be the most likely reason for nonsuperconductivity, where the lack of structural 
instabilities and the change of band edge structure due to the disorder are possible 
differences between the superconducting -^^CuO^ and the nonsupercon­
ducting ^ai.85'^^0.15^^^4.04-
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With regard to the structural point of view of our title compounds, there are 
many reports on the phase separation of oxygen rich La2Cu0^^fi system [70] pre­
pared by conventionally prepared powders or single crystals of La2CuO^ annealed in 
high (3 kbar) oxygen pressure. For the oxygen rich phase, the interstitial oxygen is lo­
cated near the rock-salt La-0 layer. The tolerance factor t — {La — 0)/\/2{Cu — O) 
predicts the above possibility well as explained below. The T/0 phase La2CuO^ 
is subjected to the structural instability due to the small tolerance factor t which 
implies bond mismatchs between La-0 layers and Cu-02 layers. Therefore, La-0 
layers are under tension and CU-O2 layers are under compression. To relieve the 
bond mismatch, the undoped La2CuO^ has a tendency to have extra oxygens near 
La-0 layers to relieve the tension, which converts to the larger tolerance factor. Man-
thiram et al. [46] also argued that t = 1 would be realized at sintering temperature 
of La2CuO/^ , because of the differences of thermal expansion between La-0 layers 
and CU-O2 layers. The bond length mismatch at room temperature is partially re­
lieved by the ordering o{ Cu 3d hole into the antibonding tr 2 2 orbital to give a X y 
larger octahedral site axial ratio c/a > 1 and by a cooperative tilting of the CUOQ 
octahedra to give a macroscopic transition from the tetragonal to the orthorhombic 
symmetry. The decrease of an orthorhombic distortion [71] is reported with higher 
oxygen pressure and the decrease of orthorhombic strain was observed. This effect 
can be explained by the relief of La-O tension by interstitial oxygens, and the increase 
of interstitial oxygens will result in the less tendency to the cooperative tilting. An­
other example is the substituted £a2_a;-/V(ia;Cu(94 sample shown in Ref. [70]. The 
increasing substitution which has smaller nine fold ionic size compared with 
that of La^'^ , results in the smaller tolerance factor, which shows further tension to 
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{La,Nd)-0 layer. To relieve this tension, there is a tendency to have a larger or-
thorhombic distortion. Therefore, with increasing Nd substitution, the orthorhombic 
distortion becomes larger, as seen in Ref. [70]. The observation of superconductiv­
ity with system [72] also supports this argument. As observed 
in Ref. [46], the structural change by simply changing the sintering temperatures is 
indicative of thermal expansion mismatch between rock-salt layers and Cu-02 layers. 
From the neutron powder diffraction for Lai^^BaQ Sawa et al. [8] ob­
served the role of Ba to stabilize the structure and the anisotropic thermal ellipsoids 
especially for the apical oxygens, which was originated from dynamic or quasistatic 
displacement of atoms from its ideal position. Cohen et al. [48] calculated the struc­
tural stability based on ionic model and found the unstable tilt mode in the Brillouin 
zone corner. Therefore, a microscopic picture also shows a soft phonon mode, which 
can induce the structural instability. Recently, Cohen et al. [71] also calculated 
the lattice instabilities for especially for j25^^^4 > 
where they showed the X-point tilt energy and showed the nature of local maxima 
of free energy for the high temperature tetragonal structure. In the earlier work 
on La^CuO^ by Egami et al. [72], the pair distribution function by pulsed neutron 
scattering could not be explained by atoms placed on their ideal lattice sites with the 
standard Debye-Waller motion. 
To understand the stability of K2NiF/^ type structure by the bond mismatch be­
tween Cu02 plane and rock-salt layer, we need a combination of the tolerance factor 
[45] and a large anisotropic ellipsoid of apical oxygen observed by neutron scattering 
refinement. Thus, we can deduce that, for the larger tolerance factor for stable T/0 
phase, it is necessary to compress Cu-02 layers or make tensile the La-0 layers by 
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means of apical oxygens, which has smallest ionic mass in that system, playing role 
of stabilizing La-0 layers. The elongated ellipsoid of the Debye-waller factor along 
ab axes will represent quite an anharmonic motion of oxygen or quasistatic displace­
ment from its ideal position. For the Sr2Cu02Cl2 , which has isostructure with 
La2CuO^ , there is no orthorhombic distortion down to 10 K observed in Ref. [49] 
and it remains in the tetragonal structure. The understanding of the tolerance factor 
for this system may be difficult because of apical CI instead of oxygen. But, using Sr-
Cl bond length and Cu-0 bond length from Ref, [49], t is 1.165, which is much larger 
than the perfect bond match ( = 1. It is quite a contrast to the 
which gives t — 0.877 using (Xa,5r)-(9j bond length and CU-O2 bond length [76]. 
Therefore, the missing of the orthorhombic structural distortion for Sr2Cu02Cl2 
can be understood in terms of the large enough tolerance factor which already shows 
a stable structure. 
In order to explain the observed changes in structure with oxygen content, we 
make the following argument. The title compounds prepared by 
our two-step method can be described by the same physics to stabilize the struc­
tures. Since we started with the oxygen deficient S-phase, which had oxygen vacancy 
in the CU-O2 layers, the added oxygens would fill vacant sites of CU-O2 layers. We 
9 — 
assume that molecular type O2 will have chemical bonding with the vacant site of 
CU-O2 layer. This was discussed further details in Ref, [77] including the discussion 
of oxygen species, where the titration results show approximately the same hole con­
centrations irrespective of the oxygen contents in T' La2CuO^_^^ favoring different 
oxygen species rather than 0^"". Therefore, a simple count of hole concentration 
does not explain this behavior. According to this, the situation is quite different 
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from that of high pressurized La2CuO^. Since the CU-O2 layer is already filled in 
La2CuO^, the extra oxygens will be placed into interstitial La-0 layers. But in our 
case, by the speculation that the molecular type O2 first fills the CU-O2 layers as 
n 
peroxide O2 , the first thing to occur will be the expansion of the Cu-O^ layer. 
Then the tolerance factor will become smaller, so that the structure will be changed 
from T/0 to T' to relieve La-0 tension due to bond mismatch. With decoupling of 
9 (Y 
O2 to O by losing extra oxygens seen in Figure 2.6(a), the structure will again 
change to the T/0 phase. 
The low temperature x-ray diffraction patterns of our T/0 compounds by new 
synthesis method persist the tetragonal structure down to 27 K. This can be un­
derstood as follows. Since the apical oxygens play role in the stabilization of the 
T/0 structure to match the bond length between La-0 layer and CU-O2 layer, the 
static displacements from their ideal positions or strong anharmonic motions can be 
realized. Referring to the cohesion energy and the structural stability studied by 
Piveteau et al. [60], the energy difference between the orthorhombic phase and the 
tetragonal one is equal to = 43 meV per La2CuO/^. The free energy argu­
ment to form the tetragonal structure in our case follows below. If the free energy 
of the orthorhombic phase is TSq^^/^q and the free energy of 
the tetragonal phase is F^g^^g = TS^g^^jj, then the free energy difference 
is AF = Ftetra- ^ortho = - TiStetra- ^ortho) = 43 meV - T(S(g(ra-
^ori/io)' where S^g^^^ and are vibrational entropies of the tetragonal and the 
orthorhombic phase, respectively. If we assume the disorder-order phase transition 
between the tetragonal and the orthorhombic phase, Si^tra" ^ortho become 
positive. Therefore, it needs some critical temperature Tc > 0 for the structural 
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transition. If ^tetra~ ^ortho l^-rge enough, then at finite temperature, the struc­
ture will remain as the tetragonal phase. Under the structural change of our title 
compounds, the motion of oxygen to stabilize the structure during structural change 
will be much more significant than that of conventional solid state reacted ones due 
to the low sintering temperature. Therefore, there is a possibility of real space dis­
order due to displacements, which can induce internal nonuniform strain. Actually, 
the superconducting phase of La^^NdQ 2^uO/^j^^ , which was oxygenated under 60 
kbars [72], showed slightly broader peaks induced by extra oxygens in rock-salt layers. 
But, its appearance of superconductivity is quite different from our cases where no 
bulk superconductivity is observed. 
Summary 
We reported 7^2 TVtf^-related new structures and coraiparisons of magnetic prop­
erties between conventional solid state reacted compounds and the samples prepared 
by our two step method. The new structures show the tetragonal phases down to 27 
K in T/0 phases. For the samples by the two step method we observe the reduction 
of superconducting properties with about the same hole concentration measured by 
the titration method in Ref. [77]. The highly two-dimensional nature of the structure 
was described in terms of the tolerance factor indicative of the bond mismatch, where 
the structural transitions described in this Chapter can be understood in terms of the 
tolerance factor. 15^^^4.04' preserving the tetragonal structure down to 
27 K, shows metallic behavior without bulk superconductivity. 
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Table 2.3: Effective magnetic moments Me// ^ of Z,n,2CiiOg_g and Ln2CuO^ 
by fitting of %(T) = C / (T - 0) 
Sample T range of fit (K) t ^ e f f  ion) 9  (K) 
frgCifOg 5 150-400 3.47 -83 
Pr2CuO^ 150-400 3.53 -110 
Nd2CuO^^^ 150-400 3.60 -42 
Nd2CuO^ 100-400 3.59 -67 
Eu2CuO^^^ 200-370 4.74 -273 
Eu2Cu04^' 220-370 4.77 -304 
Gd2CuO^^^ 10-280 7.98 -17 
Gd2Cu04 10-280 M9 -17_ 
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CHAPTER 3. PHASE SEPARATION, MAGNETIC PHASE 
DIAGRAM, AND FINITE SIZE SCALING OF La2-a,SrxCu0^^s 
Introduction 
Since the discovery of high TQ cuprate superconductors [1], the responsible mech­
anisms for the superconductivity have been related to the highly correlated systems, 
where, for example, the survival of short range antiferromagnetic fluctuation is re­
sponsible for the mechanism, while some of possible mechanisms are related to the 
structural instabilities by highly two-dimensional structural properties [78]. Much 
work has been done for the family of pure and doped La2CuO/^ systems because 
of their simple structures which are consisted of single Cu-02 layer. Especially the 
pure La2CuO^ itself showed the trace of superconductivity at early work in high 
Tc superconductors [79]. Later, the structure was identified by high pressurized 
La2CuO^_^g [41, 80], where the superconductivity was introduced by La2CuO/^ QQ . 
For the highly correlated system as a responsible superconducting mechanism in high 
Tc cuprate superconductors, the t-J model, where t and J represent a transfer parame­
ter and Heisenberg exchange constant between Cu spins, respectively, or the Hubbard 
model is the basic starting theories irrespective of the number of band. Emery et al. 
[81] showed that, for the t-J model, dilute holes in an antiferromagnet were unstable 
against phase separation into a hole-rich and a no-hole phase. Three-band Hubbard 
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model [82] for the CU-O2 planes showed the interplay of charge-transfer instability 
and phase separation. Using the Schwinger-boson-slave-fermion mean-field theory, 
Auerbach et al. [83] also studied the two-dimensional t-J model at low doping and at 
zero temperature and found that, for any -j at infinitesimal doping, the mean field 
state and other homogeneous magnetic states were unstable against local enhance­
ment of the spiral's pitch. But, the long range effect of the Coulomb repulsion might 
limit the the growth of phase-separated bubbles. Barnes et al. [84] also studied the 
static-hole energies in the t-J model and t-J-e model, and found that hole pairs alone 
were bound for a certain range of dielectric constant e, which is 52 < e < 104 in the 
static limit of the t-J-e model with ^ Coulomb repulsion. Hole pairing might arise 
from a competition between the large antiferromagnetic coupling J, which encour­
ages hole clustering, and the e-suppressed hole Coulomb repulsion, which restricted 
hole binding to pairs. 
The high pressurized La2CuO^_^g showed a first order structural phase transi­
tion around ~ 300 K, where it was first observed by Jorgensen et al. [41, 80]. The 
extra oxygens were homogeneously distributed above the structural transition tem­
perature, and below the transition temperature the oxygens were segregated to one 
stoichiometric and the other oxygen-rich phases. Emery et al. [81] interpreted this as 
phase separation occurred in the t-J model. Gor'kov [85] and Fisk [86] also explained 
this structural transition as originated from a magnetic origin. Therefore, it is in­
t e r e s t i n g  t o  i n v e s t i g a t e  p o s s i b l e  p h a s e  s e p a r a t i o n  b y  s t u d y i n g  J & a 2 — »  
where the holes are produced by either (both) extra oxygens or (and) doped Sr, 
The magnetic phase diagram, which was done by the doped La2^^(Sr, Ba)xCuO^, 
showed a rapid decrease of Tjy by doping, which was suppressed below 10 K with 
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1% doping, where Nd2-.g.CexCuO^ , the counter part of La2_j,SrxCuO^ , showed 
rather slow decrease o( Tj\^. Thurston et al. [87] explained this as frustration for 
Sr and dilution of Cu moments for Nd, respectively. The fast decrease of Tj\f of 
La2^x^rxCuO/^ was well explained by Aharony et al. [88] by ferromagnetic frustra­
tion of Cu moments induced by localized holes resided on planar oxygen sites. The 
decrease of Tyy was interpreted by the decrease of j', interlayer exchange coupling, 
and the decrease of correlation length using • But up to now, 
the phase diagram is not well established by doping level. Therefore, in this chap­
ter, we report the phase diagram and the study of phase separation by #2, 1 bar 
oxygen, and high pressurized (230 bars) Za2_aj5ra;CM04^^ (0.000 < x < 0.030). 
Also, we will report the scaling behavior of susceptibility by finite size effects in the 
three-dimensional Tj\f. 
Results 
Sixteen samples of La2—xSTxCuO/^ were prepared by solid state reaction using 
predried Z/igOg , Sr2C0'^ , and CuO with x interval 0.002 from 0.000 < x < 0.030. 
Each set of sixteen samples was treated in 600° C #2 > 1 bar O2 , and 230 bar O2 • The 
tetragonal to the orthorhombic structural phase transitions at T^jj, were measured 
by Per kin-Elmer differential thermal calorimeter (DSC) between 0°C and 300° G. 
Magnetic properties were measured by Quantum Design SQUID based magnetometer 
with applied fields of 50 G and 5 kG. Figure 3.1(a) and 3.2(a) show susceptibilities 
of the 1 bar O2 and N2 annealed samples, respectively, which show the systematic 
decrease of defined by the peak of the susceptibility. The Tjy and Tqvalues 
for each sample are shown in Figure 3.3. 
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Figure 3.1: Magnetic susceptibilities of La2^^SrxCuO/^^^. (a) 0^ 1 bar annealed 
samples; (b) Rescaled susceptibilities of O2 1 bar annealed samples. It 
shows universal curve as x[/(®)(2^ — r^(œ))] 
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Figure 3.2: Magnetic susceptibilities of La2^;pSrxCu0^^.g. (a) N2 annealed sam­
ples; (b) Rescaled susceptibilities of JVg annealed samples. It shows 
universal curve as %[/(a;)(r - T;y(a;))] 
68 
600 
0 
500 (H 
Oo Ibar 
S 300 
On Ibar 
>< 200 
0 0.01 0.01 0.02 0.02 0.03 
X 
Figure 3.3: Magnetic and structural phase diagram of Og 1 bar, N2, O2 230 bars an­
nealed ;Ga2__g.^ra;CîtO^_|_^; Filled symbols represent Néel temperature 
and open symbols represent the tetragonal-to orthorhombic structural 
transition; Solid lines represent the fitting as Equation (3.3) and (3.4) 
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The susceptibilities of the high oxygen pressurized samples show weak enhance­
ments of susceptibilities at the Néel temperature, but there is also a systematic de­
crease of Tjy . As shown in Figure 3.3, the structural transitions depend very much 
on the oxygen content. For the #2 annealed samples, the transition temperature 
of the tetragonal to the orthorhombic structure decreases linearly with Sr doping, 
where the linear extrapolation to zero temperature transition is ~ 0.21 of Sr dop­
ing, which is similar to the previous reports [89]. While the 1 bar O2 annealed 
samples show rather irregular but systematic decrease of the transition temperature, 
the structural transition temperature between the N2 annealed and the O2 annealed 
samples meets around 0.025 of Sr doping. The structural transition temperature of 
the high O2 pressurized samples shows rather low transition temperature, irrespec­
tive of Sr doping level with a slight change of slope around 0.02 doping of Sr^ and the 
linear extrapolation of the transition temperatures would meet around 0.05 ~ 0.06 
doping of Sr in the #2 annealed samples. The Néel temperatures and the structural 
transition temperatures are listed in Table 3.1. The study of 
annealed in high pressure oxygen gas by Oda et al. [90] also showed no pressure effect 
of hole concentration above x > 0.03 and this effect is a possible reason that the 
structural transition temperature between the high O2 pressured and the #2 an­
nealed sample meets around 0.06 of Sr doping in our results. The superconducting 
properties are observed in both the 1 bar oxygen annealed samples and the high pres­
surized samples, but the N2 annealed samples show no trace of superconductivity. 
The maximum superconducting fraction at 5 K for the 1 bar O2 annealed sample is 
~ 0.1% with applied magnetic field of 50 G, while the maximum fraction of the high 
O2 pressurized samples is around 1%. 
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Table 3.1: Néel temperature and tetragonal-orthorhombic structural transition tem­
perature of La2-.x^rxCuOin the unit of K 
X Tyy (1 bar) TN (HP) Tq/J' (1 bar) '^O/T (^2) TQIT ( 
0. 269 311 246 500 533 428 
0.002 257 
0.004 255 281 225 494 522 427 
0.006 233 515 
0.008 227 246 197 511 513 425 
0.010 209 489 
0.012 194 200 152 485 503 423 
0.014 164 497 
0.016 122 137 50 480 492 419 
0.018 53 488 
0.020 10 30 472 483 416 
0.022 477 
0.024 473 474 414 
0.026 469 
0.028 463 464 413 
0.030 459 
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Figure 3.4: (a) shows the superconducting properties of high O2 pressure sam­
ples; (b) shows the 2c and superconducting fraction at 5 K for various 
iia2_2;5ra;C7u04-|.^ • The Tc's were determined by linear extrapolation 
to zero near superconducting transition temperature; maximum super­
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Figure 3.5: (a) and (b) show the superconducting fraction at 5 K with applied mag­
netic fields 50 G and 5 kG for 1 bar 025 maximum superconducting 
fraction of La2CuO^_^g in (a) is ~ 0.1% 
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Both systems show maximum superconducting fraction for the pure La2Cu0^j^^ 
Figure 3.4(a) shows superconducting properties of the high O2 pressurized samples, 
and Figure 3.4(b) shows a decrease of superconducting fraction with decreasing Tc • 
Figure 3.5(a) and (b) show the superconducting fraction represented by Ail/ and 
A% for the O2 1 bar annealed samples. There is also a rather fast decrease of su­
perconducting fraction with increasing doping level. The superconducting fraction 
becomes negligible with decreasing Tjy as shown in Figure 3.2. Both the 1 bar and 
the high pressurized samples show well correlated behaviors between superconducting 
fractions and decreases of Tc's, which can result from common origins. 
Discussion 
The decrease of the superconducting fraction and the suppression of Tc with 
increasing Sr doping level is common for the 1 bar Og annealed and the high pres­
surized samples. Oda et al. [90] also found the decrease of Tc and concluded that 
the superconducting phase in La2CuO/^j^^ became unstable by doping. The mea­
surement of the Hall effect in the undoped sample showed an increase of hole-like 
carriers with oxygen pressure, while those in the doped sample were little changed. 
Therefore, parts of motivations to study in this dissertation are to understand why 
the superconducting fraction is decreased with doping level, why the superconducting 
transition temperature is decreased with doping, and what is the relation between 
phase separation predicted by the t-J model and the phase separation occurred in 
title compounds. 
The study of (iai_j.5'ra;)2C''"^^4 by Takagi et al. [91] showed systematic de­
crease of the Hall coefficient Rfj with doping, and the resistivities for the doped 
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samples x < 0.03 showed metallic behavior at higher temperatures but semicon­
ducting (or variable range hopping) behavior at lower temperatures. The resistivity 
measurement of single crystal measured by Hayden et al. [92] 
also showed metallic behavior above 50 K but the effect of localization below 50 K. 
The recent work of magnetoresistance of Bi2Sr2CuOQ by Jing et al. [93] showed 
an anomalous enhancement below 20 K, and they inferred the effect by coupling to 
low-energy excitations of the Cu spins, where it reinforced the picture that the cou­
pling of the holes to the spin degrees was important. Therefore, the holes, induced 
by Sr doping, may experience the same dephasing mechanism at low temperatures 
as Bi2Sr2CuOQ . 
The decrease of T c h y  S r  doping in our title compounds can be explained by the 
scattering between localized holes and mobile holes for the low Sr doped compounds. 
The superconductivity observed in our title compounds is purely induced by holes 
of nonstoichiometric extra oxygens, so that there is a pair-breaking effect by the 
localized holes produced by 5r doping on the planar oxygen sites. Quantitatively, 
the pair-breaking theory, such as that of Abrikosov and Gor'kov [94], is given for low 
values of x 
2 
Tc(x) «  r^ o - - lf j{ j  + l)lx, (3,1) 
where N ( E p )  is the density of states at the Fermi level, g  is the Lande g  factor, J  
is the total angular momentum of the Hund's rules ground state of the and j  
is the exchange coupling constant. From Figure 3.4(b), the linear equation for the 
Tc{x) can be expressed as 
Tc{ x )  = 34.2 - 527.4a;. (3.2) 
From the values of ^ = j, J = g, and N { E p )  = 4.3 states/eV/unit cell using that of 
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Lai^SrQ [95], we can get the magnitude of j  % 101 meV. If we use the bare 
density of states N ( E j p )  =  2.1 states/eV/unit cell from band structure calculations 
[96], we can get j % 145 meV. Therefore, there is a strong hybridization by localized 
holes with mobile holes, expected from the large exchange coupling constant with the 
order of the antiferromagnetic inplane exchange interaction of cuprate systems. Also, 
an interesting observation is that the linear extrapolation of Tc to zero is ~ 0.065 of 
Sr doping, but the decrease of superconducting fraction by Sr doping is much faster 
than that of Tc . In fact, the superconductivities were only survived within the range 
of three-dimensional antiferromagnetic ordered states. 
The peaks in %(T), which were observed with the development of three-dimensional 
antiferromagnetic ordering, were puzzles at early days of high Tc superconductors but 
soon, the peaks were interpreted as an hidden canted ferromagnetism occurred by 
buckling of planar CU-O2 layers. Thio et al. [97] fitted the susceptibility of single crys­
tal La2CuO^_^g using the mean field theory with the antiferromagnetic correlation 
length of the quantum nonlinear cr model derived by Chakravarty et al. [32]. They 
also concluded the ordered Néel state at T = 0 by the best fitting of the correlation 
length observed by inelastic Neutron scattering. Thurston et al. [98] found that the 
phenomenological description of the correlation length with doped ^02—0;'^''® ^ ^^4 
was well fitted by a simple relation ^ ^ Â. The survival of short range fluctuating 
•y X 
antiferromagnetic correlation for the doped cuprate systems has made one develop 
^Yfirious theoretical approaches, which are related to the antiferromagnetic fluctua­
tion. The observation of the staggered moment ~ 0.6/if^ of Cu in La2CuO^ also 
demonstrated the highly two-dimensional characteristic of antiferromagnetism. But, 
as suggested by Chakravarty et al. [32], the effect of quenched impurities becomes 
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defect rods in the timelike direction of the effective action of the nonlinear a model 
which destroy the Lorentz invariance of the model, so that we can infer that new crit­
ical behaviors are generated by the introduction of holes dominated by randomness. 
Therefore the detailed study of title compounds is desirable to understand the role 
of holes doped by cation substitutions and to understand the phase diagram of the 
system, where much of works have been devoted to study the ground state properties 
of doped cuprate systems to understand the mechanism of superconductivity. 
As shown in Figure 3.1(a)and Figure 3.2(a), the temperature ranges of the canted 
ferromagnetic contributions to susceptibilities above the Néel temperatures become 
wider as antiferromagnetic transition temperatures decrease, and the magnitudes 
of the canted ferromagnetism become smaller after three-dimensional antiferromag­
netic ordering disappears. The interesting result can be seen in Figure 3.1(b) and 
Figure 3.2(b) which show the rescaled susceptibilities of three-dimensional ordered 
compounds. The temperature axis of susceptibility was rescaled by the product of 
suitable scaling factor f{x) at each doping level x and {T — Tpj-{x)). The temperature 
dependence of susceptibilities of the 1 bar Og annealed samples is qualitatively col­
lapsed onto a single curve under the rescaled temperature axis. The behavior of the 
#2 annealed samples also shows the same behavior. The Sr doping level dependence 
of Néel temperature shows 
tmm = %(0)(1 - (f (3.3) 
Xc 
for the #2 annealed samples, where Tjy(0) is 302.2 K and Xc is 0.021, and 
Tffix) = Tjv(0)ll - (f-)2-52] (3.4) 
XQ 
for the 1 bar oxygen annealed samples, where T^(0) is 257.8 K and xc is 0.020 . If we 
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assume that the introduction oi Sr doping will limit the growth of correlation length 
or the growth rate of correlation length of antiferromagnetism, we can apply the 
finite size effect, which was first introduced by Fisher at al. [99]. The inter-distance 
of doped holes which are locahzed in planar 0^~ sites is given as Z = Â. Then V® 
Equation (3.3) and (3.4) can be rewritten as 
%(0) - ^ A\3.70 
TivCO) f ^ 
where Ic = A for the N2 annealed samples, and 
%(0) -%(=«) _ Xc^6.04 
r;v(0) ( / ) 
where Ic = ^ Â for the 1 bar O2 annealed samples. From the Barber [100], the 
V®c 
finite size scaling ansatz is satisfied by 
The critical exponents 1/ for our title compounds are 0.27 and 0.20 for the N2 and the 
O2 samples, respectively. Therefore, the introduction of holes into system makes sys­
tem as an ensemble of blocks of finite size determined by doping level, and the wider 
canted ferromagnetic temperature ranges observed by reducing the Néel temperatures 
are due to finite size effects, which has no real phase transition. The introduction of 
holes induces the title compounds to a new critical state. The finite size effects of 
the spin glass regions in La2—x3'rxCuO/^ will be discussed in Chapter 4. 
Summary 
We have studied the magnetic phase diagram, phase separation, and finite size 
scaling effects for the Za2—system. While there is no theory which 
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has one-to-one correspondence to our system, the new experimental observation of 
title compounds will be helpful for understanding the magnetic properties of high Tc 
cuprate systems. The important discovery is the finite size effects by hole doping in 
La2CuO/^ system, where it may favor inhomogeneous magnetic states. Therefore, 
three-dimensional antiferromagnetism can be understood as coherent state between 
finite size 2D antiferromagnetic domains. 
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CHAPTER 4. NQR STUDIES OF La2_a,(5r, Ba)j,Cu04^.^ 
Introduction 
Since the discovery of the high Tc cuprate superconductivity in La-Ba-Cu-0, 
many experimental and theoretical studies have been done to clarify the mechanism 
of the high Tq superconductors. The undoped parent compound La^CuO^ shows 
the three-dimensional antiferromagnetism, and the magnetic moment is ~ 0.5/a^ [6] 
per Cu atom below the Néel temperature whose value is very close to the nearly two-
dimensional antiferromagnetism. The spin dynamics in the Cu02 planes of 
La2^j;SrxCuO/^ mixed oxides has attracted a great deal of attention both because 
of the interest in two-dimensional (2D) model Heisenberg antiferromagnets (AF) and 
because of the possible connections of magnetic fluctuations with high Tc supercon­
ductivity. The undoped parent compound La2CuO^ shows three-dimensional (3D) 
long range AF order below Tj\j ^ 300 K. Upon doping, is depressed rapidly with 
increasing œ for 0 < œ < 0.02 and for x > 0.02, a magnetically ordered phase still 
appears at low temperatures. A spin glass phase has been predicted to exist for a 
concentration range in between the AF long range ordered phase and the supercon­
ducting phase by both theoretical arguments [101] and Monte Carlo simulation [102]. 
It has been argued that the spin glass phase should be viewed as a disordered anti-
ferromagnetic state as indicated by the presence of an internal magnetic field at the 
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La site due to the ordered Cu moments [103], a small anomaly in the specific heat 
[104] and a sharp peak in the La NQR relaxation rate (the longitudinal relaxation 
rate) [105]. Other experiments such as muon-spin-resonance [106, 107] and muon-
spin-relaxation rate and quasielastic neutron scattering [108] have been interpreted 
in terms of conventional spin glass freezing of the moments. 
Moodenbaugh et al. [42] reported an anomalous suppression of superconducting 
transition temperature near x = 0.12 in system, and Kumagai et 
al. [109] had verified independently the complete destruction of the bulk superconduc­
tivity at the narrow region around x — 0.12. In addition, Axe et al. [19] pointed out 
the structural transition from the low temperature orthorhombic to the low temper­
ature tetragonal structure near 60 K around x = 0.12. Sera et al. [110] also reported 
the pronounced effect on the transport properties of this system and suggested a 
close relationship between the electronic state and the structural transition. While 
Imai et al. [Ill] reported the temperature dependence of l/Tj of Laj ggjBcQ 
by NMR without observing any divergent behavior below 100 K, Kumagai et 
al. [112] reported the widely broadened Cu NQR spectra for x < 0.14 and inferred 
that the local charged states of the Gu-O^ plane were largely distributed in the low 
temperature tetragonal phase of La2-.xBaxCuO/!^ system. Theoretically, Pickett et 
al. [25] reported the LDA calculation of gg^ag and predicted the half 
of density of states at the Fermi level compared with that of the orthorhombic low 
temperature structure. 
While there are many studies of magnetic mechanisms as responsible supercon­
ducting one due to the survival of short range antiferromagnetic fluctuation in the 
superconductors, the conventional BCS-type approaches to the mechanism of high Tc 
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superconductors are also available. Bussmann-Holder et al. [113, 114] have suggested 
the importance of highly polarizable oxygen ions 0^~ to the role of high tempera­
ture superconductors. Isotope effect of La2^^SrxCuO/^ by Crawford et al. [116] also 
showed a strong dependence around x = 0.12, which coincided with the suppression 
of superconducting transition temperature of iaj ggBao.i2^'"^4 » this strongly 
suggested the importance of density of states with doping to the superconductivity. 
The development of the mechanisms of high Tc cuprate superconductors is still 
in progress. Therefore, in this chapter, La nuclear quadrupole resonance (NQR) 
studies of the jto2_a;<5'ra;Cw04^.^ system, obtained by our new low temperature syn­
thesis route described in Chapter 2, will be studied with emphasis on the structural 
point of view. Abo, the series of NQR of La2^xSrxCuO^ {x = 0.02, 0.03, 0.04, 
0.05, 0.07, 0.08) will be studied with emphasis on the magnetic point of view, which 
can explain the behavior of the spin glass state. Finally, the NQR study of non-
superconducting 1.875^^0.125^^^4 will be discussed in comparison with that of 
superconductors. 
Quadrupole Hamiltonian 
The localized charge distribution of a nucleus situated within a solid material 
gives rise to an electrostatic interaction energy due to the presence of a potential set 
up by the charge associated with the surrounding electrons and nuclei. Classically, 
this interaction energy can be expressed as an integral extending over the nuclear 
volume, 
Vint = / p{i)V{x)d^x (4.1) 
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where p { x )  is the charge density of the nucleus and V { x )  is the electrostatic potential 
arising from charges external to the nucleus. It is apparent that the nuclear charge 
is quite localized in volume, so that V[x) should not vary much across the region 
enclosing p{x). In reality, V{x) can be expressible by the first few Taylor expansion 
about the center of nuclear mass, the motion of which is not affected by nuclear 
reorientation, 
where z = 1, 2, 3 denote the cartesian components of x relative to the center 
of mass, and the subscript cm indicates that the quantity is evaluated at the origin. 
Substituting Equation (4.2) into Equation (4.1), we obtain for a nucleus of total 
charge Z, 
energy of a point charge of magnitude Z which has no orientational dependence, so 
that we can ignore it. Define 
V { x j  -  V q  +  h c r W i  +  ;  (4.2) 
Wint = Î E Qij&hm, (4.3) 
I ^ 'J 
where Çjy = J  p { x ) x i X j c f i x  is a electric quadrupole moment tensor and — 
J p{x)xid^x is a dipole moment. The first term in Equation (4.3) is the electrostatic 
* J 
(4.4) 
and 
(4.5) 
Thus 
Wint = lZQ'ijViJ 
IJ 
(4.6) 
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and Vj^j is a second rank symmetric tensor. Q^j defined in Equation (4.5) is traceiess, 
Tr{Qij) = T,i=:jQij = Y^iQii - !p{x)d^x[Zx^ + 3j/^ + 3z^ - 3r^] = 0, since 
+ z^. Using Equation (4.5), 
Qij = /- Sijr\{x)d^x. (4.7) 
Thus, 
^int = ^ S (4.8) 
h3 
We may assume that V { x )  satisfies Laplace's equation at the nuclear site, i.e., there 
is no charge within the nuclear volume which contributes to the external potential. 
Thus, 
= Vxx + Vyy Vzz — 0, (4.9) 
so that the second term in Equation (4.8) vanishes, and we obtain 
^int = \Y.^i3Qij (4.10) 
hj 
classically. We now want to reduce the 6 components of V^j in Equation (4.10) to a 
single one. may be diagonalized so that only the 3 components are non-zero. 
For the axial symmetry, = ^22 ^^11 + ^^22 ^ 33 = 0 from Equation (4.9). 
Then, 1'^ = F22 ~ ~5^3 • transition to quantum mechanics is accomplished 
by replacing p(x) by its quantum mechanical density operator, 
= J^qkS(x-xy, (4.11) 
k 
where qj^ is the charge of the fc-th nuclear particle. Putting Equation (4.11) into 
Equation (4.6) and noting Ylall particles = '^protons ^  we obtain 
Qij = 6 = e E i^'^ik^jk -  ^ if l)-  (4-12) 
protons k=l 
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Identifying the interaction energy operator with the quadrupole Hamilton!an, we have 
Equations (4.9), (4.11), and (4.13). 
~ (4-13) 
Quadrupole resonance energies are of the order of 10~® eV. This value is much smaller 
than the energy required to change the intrinsic energy level of a nucleus from the 
ground state to an excited state. It is also impossible to change the spin or the total 
angular momentum of the nucleus. It appears that only the projection quantum 
number, m, will be subjected to change. This argument leads to the choice of a set 
of basis state \ml^) where I is the total angular momentum quantum number, and 
( contains all other quantum numbers necessary to describe the state of the nucleus. 
The matrix form of interaction will be 
(4.14) 
Using Equation (4.12), 
{m'lC\Qij\mI() = {m'l^\e ^ (4-15) 
6=1 
By virtue of the Wigner-Eckert theorem, the correspondence 
^ - SijP. (4.16) 
k 
can be inferred. Thus Equation (4.15) can be transformed as follows: 
{m!li\e Y, {"^^ik^jk -  ^ ^ ^ ^]Sijie\mI()C, (4.17) 
6=1 
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where G is independent of m, m', i, and j. C is evaluated by setting m == mJ — I 
and i = J = z, with the result 
If we define Q as the quadrupole moment of the nucleus by the relation 
= (4.19) 
the constant G becomes 
^  "  / ( 2 / - 1 ) -
Now we can write the general Hamiltonian for the quadrupole interaction. 
" Q  = S7(2^ E + I j h )  - h A  (4.21) 
But, since Vj^j is diagonal, Equation (4.21) can be rewritten as 
= 4/(2/^ - î"^) + {Vxx - Vyy){îx - ^ )]- (4.22) 
With eg = Vzz and r) — ^, 
"Q = (37^^'"= + (4.23) 
For rj = 0, the energy eigenvalues are 
~ 4/(2/- 1)^^"^^ ~ + 1)1" (4.24) 
Transition between the energy levels of Equation (4.24) can be produced by an os­
cillating magnetic field H which interacts with the magnetic dipole moment of the 
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nucleus, giving rise to a time-dependent perturbation. For an oscillating H field of 
the form of 2Hi cos Lot^ the time-dependent Hamiltonian can be rewritten as 
H ' { t )  =  j H i y l y  -F kH^^Iz) cos ujt, (4.25) 
where 7yY is the gyromagnetic ratio of the nucleus and h is the Planck constant. If 
m and m' represent the magnetic quantum numbers for the nuclear spin in different 
states, the matrix elements of the spin angular momentum are 
{m\Iz\m') = mS^^i{m\Ix ± + m){I ± m + (4.26) 
and the transition probability per unit time, w, is proportional to |(m|//'(i)|m')p. 
We see that only Am = ±1 transitions can be induced by Hx and Hy , Hz giving 
rise to no transitions. The maximum probability for the transition between the levels 
771+1 and m occurs when the oscillating magnetic field producing the perturbation 
is of frequency 
•^m+1 ~ ^rn 
h V = (4.27) 
and using Equation (4.24), we obtain 
3eqQ V = {2\m\ + 1). (4.28) 4/(2/ - l ) h  
Theory for NQR of La2CuO^ system 
The NQR spectrum of is described by a nuclear spin Hamiltonian which 
is a sum of quadrupolar and Zeeman terms, 
" = 4/(2/^-1)'^^ - j/(/ + 1) + ^^4 + /, (4.29) 
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where J — 7/2, Q = 0.21(6), and 7jy/27r = 0.60144 (MHz/kOe) for La. The 
asymmetry parameter rj for the electric field gradient (EFG) tensor is defined by 
V = (4.30) 
y z z  
where 
IVzzI ^ Wyy\  2 \Vxx\ (4.31) 
is assumed in the principal axis system of the electric field gradient. While the NQR 
spectrum of La2CuO^ can be expressed by a single La site with non-vanishing rj, the 
spectrum below the antiferromagnetic transition temperature can not be explained 
by a single La site due to the splitting of the spectrum. Therefore, the general 
acceptance of the non-zero internal field at a single La site is verified. Nishihara 
et al. [116] found a set of parameters by diagonalization of Equation (4.29): 
UQ = 6.38 i 0.02 M H z  
Tj = 0.01 i 0.01 
Hn — 0.997 ± 0.010 kOe 
9 = 78.0° ± 0.5°. 
They also reproduced the peak positions of the experimental spectrum quite well. 
EFG at a La site which was calculated using the point charge model for La2CuO^ 
with La^"^ and Cu^'^ is 
Vzz — ^9 — —8.5 X lO^^e .6.%. (4.32) 
with 7] = 0.089. The principal Z-axis was found to be tilted by 0^ — 7.1° within the 
ac-plane. The direction of the internal field at a. La site was tilted by 78° from 
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the z-axis and it did not coincide with the crystallographic axes in general. But, if 
we assume the point-charge calculation is correct only qualitatively, and if we assume 
9^ — 12°, the direction of is parallel to the a-axis. Therefore, the most reason­
able spin structure o{ Cu from the NQR spectrum is a simple antiferromagnet with 
the sublattice staggered moment along the a-axis. Takahashi et al. [117] calculated 
the internal magnetic field ~ 1 kOe using a cluster model at the La site in La2CuO^ . 
They also showed that the internal fields reflected the spin correlation between apical 
oxygen and Cu, and showed that the electron correlation was important to determine 
the magnitude of the internal field. 
Generally, the recovery of the echo signal, after a proper saturating sequence, is 
not exponential. For the broad lines, the initial recovery of the nuclear magnetization 
is affected by the incomplete saturation and the subsequent spectral diffusion of the 
spin temperature. The intrinsic recovery is only slightly nonexponential, and by 
measuring the tangent at the origin, we can define an effective Tj . The relation 
of the effective Tj to the relaxation transition probabilities is obtained by 
solving the master equations [118]. The recovery law for I — 7/2 NQR has two 
saturating sequences. 
Saturation shorter than 
To determine Tj for the nonexponential magnetization, we can use much shorter 
saturation sequence with Dj , the interval between saturation pulse, under the con­
dition T2 "C Di >C Then, the master equation will be 
M { t ) - M { o o )  r  1 1  - 6 m  1 1 5  2 0 m  ,  2 8  _ 4 2 v r i i  ^  
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From the tangent at the origin at i = 0, we can get the effective relaxation rate, 
For the long time (( —+ oo), the effective relaxation time is given as = 6PF with 
weight less than 10% [the prefactor of the first exponential in Equation (4.33)]. 
Saturation longer than Ti 
To determine Tj for the nonexponential magnetization, we can use much longer 
saturation sequence with Di . Then, the master equation will be 
M { t )  - M(oo) _ _rr]_ 6Wt , -20Wt , -42mi «.x 
M(oo) ~ ^54 + 154^ + 154^ 
From the tangent at the origin, the effective relaxation rate is given as 
. = is.rvr. (4,36) 
For the long time behavior, the effective relaxation rate, is given as = 6W 
with weight ~ 50% [the prefactor of the first exponential in Equation (4.35)]. 
Mechanisms for relaxation 
There are two possible mechanisms for the relaxation: the quadrupolar 
mechanisms WQ and the magnetic mechanism W. We first review the two possible 
mechanisms for La2CuO/\^ and consider the dominant mechanism. 
Quadrupole contribution to the relaxation rate The quadrupole relax­
ation mechanism is related to the interaction of the La nuclear quadrupole mo­
ment with the fluctuating electric field gradients. By referring the role of phonon 
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lattice mode, the estimate of WQ can be obtained by the contribution of low-energy 
optical modes [119]. The relaxation rate can be written as 
f s2 
J a : ; 2 + ! ) « ( ' " ) « ( ' -  -
where only the optical mode of La was considered. The 2 EFG functions have been 
• m & 2 
expanded up to the second order in the La atomic displacement u with iu ) = % « .  
The second derivatives have been estimated [105] as 
2 dV^z 12 6 to 
„ 2' ~ 2 ~ ~ 7oo)2Zel—~ — —c] = 5 X 10 e.s.u (4.38) 
du^ du% dP 
by assuming Z — 2, d — 2.7 a, z = 2 â, and (1 —7cxd) == 70. The normalized distribu­
tion function gr(w), describing the density of phonon states, is assumed as Lorentzian 
centered at wg and of width Au/. By using Q = 0.216 and by the estimation ofwg = 3 
meV and Aw = 8 meV at 300 K [120], we can have 
Tf ^  ~5 X 10~'^r2. (4.39) 
Thus, the quadrupole contribution can be neglected for T < 200 K compared with 
the magnetic contribution (for example, see below the nuclear spin-lattice relaxation 
rate). 
Magnetic contribution to the relaxation rate For spin fluctuations faster 
than the quadrupole resonance frequency UJQ, the relaxation transition probability 
is: 
2Wj^f = ^ 7^ J{h^{0)h^{t))exp{-iujQt)dt ~ ^7^ J{h+{0)h^{t))dt, (4.40) 
where h { t )  is the hyperfine field at the La nucleus, = hx i:ihy, and the quan­
tization axis z is directed along the maximum component of the electric field gradient 
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tensor. Equation (4.40) can be rewritten in terms of collective spin components Sq 
of the spin S{t) as in Ref. [105]: 
= ^ 7 # ^ Z E  | A , P  / Z  M i )  
where we have assumed isotropic fluctuations of the spin components S q ,  |5'g|^ is the 
mean square amplitude, and Fg is the decay rate of the collective spin fluctuations 
which are assumed to decay exponentially. Since the Cu^'^ spins are highly correlated 
in the temperature region of interests here, we can safely assume that the dominant 
contribution to the Fourier components of the hyperfine field, hq, comes from the 
antiferromagnetic mode near the zone boundary, yielding a local hyperfine field of 
the same order of magnitude as the one measured in the ordered magnetic phase, 
namely 'ig// — 1 [116]. 
Results 
The informations of l/Tj^'s, l/Tg's and echo envelopes were measured for four 
different categories. First, La2CuO/^j^g with S = 0.04 prepared by the method 
described in Chapter 2 and second, 15^^^4.04 ' which was prepared un­
der the same condition for La2CuO^ , were studied. The major difference of 
these two samples, compared with conventional solid state reacted La2CuO^ and 
^®1.85'^^0.15^^^4 ' the structural properties. Former two samples showed the 
broadenings of x-ray diffraction peaks but especially, showed the tetrag­
onal structure at room temperature and the magnetic susceptibility also showed dif­
ferent behavior compared with pure La2CuO^. ^®1.85'5'^0.15^^^4.04 ^^so showed 
the tetragonal structure at room temperature and it persisted the tetragonal struc­
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ture down to 27 K, as shown in Chapter 2. Superconducting property was not a 
bulk-type compared with that of superconducting La^^^Sr^ ^^CuOt^. Therefore, 
the motivation of nuclear quadrupole resonance measurements of these two samples 
is to study a microscopic picture (whether this is metallic or not) induced by the 
structural difference compared with conventional systems, and this study may give 
the insight of the superconducting mechanism of cuprate superconductors. Third, we 
measured the series of jDa2_a;5'r®Cu(94 system with x — 0.02, 0.03, 0.04, 0.05, 0.07, 
0.08. As shown in Chapter 3, we observed the decrease of the three-dimensional anti-
ferromagnetism introduced by ST doping. The samples we studied are in the range of 
the transition from the spin glass state to the superconducting state. Therefore, it is 
interesting subject to study this transition by means of a microscopic level. Finally, 
we also measured the nonsuperconducting ^ «l.875^®0.125^^^4 » which also showed 
the low temperature tetragonal structure, so that it will give good comparison studies 
compared with the samples made by our low temperature route. 
NQR were measured by the quadrupole resonance frequency UQ using 
7/2 5/2. Since the nuclear magnetization of La is nonexponential (a summa­
tion of three exponential functions), we used the method described in previous section 
for the relaxation of much shorter saturation sequence. The tangent of the magneti­
zation gives the effective relaxation rate l/Tj = 2ZWj^/]-. Therefore, there is about 
factor of 10 difference in the relaxation time compared with others who describe the 
relaxation rate as l/Tj = 2Pf^ , but all physics are the same. To determine the 
transverse relaxation time Tg , we applied the double pulses 90° and 180° and, from 
the exponential fitting, we got the relaxation time T2 . Echo envelopes were mea­
sured by echo intensities from the double pulses. The coil circuit was maximized at 
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each frequency by tuning the capacitors, and the each echo intensity was measured 
by step-by-step changes of resonance frequencies. The mechanisms of La NQR 
have two contributions: the quadrupolar mechanism and the magnetic mechanism. 
The first contribution was not significant for the low temperatures where we mea­
sured. The magnetic contribution from the antiferromagnetic Cv?''^ fluctuation in 
the tetragonal structure is not large to La NQR, if we only consider a simple 
nearest Cu neighbor, i.e., no contribution from zone boundary dynamic susceptibil­
ity. But the occurrence of the internal hyperfine magnetic field 1 kG to the La site 
is reminiscent of the contribution of the antiferromagnetic contribution due to the 
orthorhombic structure, or due to the next-nearest neighbor contribution. Therefore, 
La NQR is sensitive to the antiferromagnetic fluctuations. 
NQR of io2^^^4.04 
As shown in Figure 4.1, the optimum condition for the 90° and 180° pulse was 
found by setting the 180° pulse as 3.8 ^sec, then by varying the 90° pulse width. 
After finding of the optimum condition for 90° pulse width, the 180° pulse also 
followed the same sequence. To check the echo envelope, we measured intensities by 
varying the resonance frequencies with 90° and 180° double pulse method obtained 
by Figure 4.1. Two different echo envelopes are shown in Figure 4.2. At 10 K, the 
echo envelope shows the asymmetric feature, while, at 60 K, the echo envelope shows 
the symmetric shape. As shown in conventional [116], the low temperature 
asymmetric echo envelope indicates the possible superposition of two split ted echo 
envelopes induced by the internal hyperfine magnetic field in 3D antiferromagnetic 
phase. But from the echo envelope at 60 K, we can infer the possibility of a transition 
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to paramagnetic state indicated by the symmetric shape. In fact, the measurements 
of and T2 also support this idea as follows. 
Figure 4.3(a) and (b) show the measurements of l/T^ and l/Tg vs. T. Both mea­
surements show the broad maximum around 60 K at which we can assign the three-
dimensional antiferromagnetic ordering temperature. The increase of the longitudinal 
relaxation rate with decreasing temperature is due to the increasing antiferromag­
netic fluctuations. The reduction of the Néel temperature to 60 K is quite a different 
behavior compared with that of conventional solid state reacted La2CuO/^ , which 
shows the Néel temperature above 200 K. The comparison of echo envelopes between 
ia2Cu(94 04 and Q2CWO4 is shown in Figure 4.4. The broadened width 
of the echo envelope of La2CuO^ is quite similar to that of ggj'rg . 
Therefore, the broadening of La2CuO^ Q/j^ may be caused by the spread of the EFG in 
the La site similar to the slight broadening of the x-ray diffraction shown in Chapter 
2. 
NQR of ^ai.85'^^0.15<^^^4.04 
The mechanisms for cuprate superconductors have two major aspects: First, the 
exotic mechanism, where the major role by the two-dimensional short range antiferro­
magnetic fluctuation is a responsible superconducting interaction, and second, struc­
tural instabilities, i.e., the structural instability caused by highly two-dimensional 
structural properties. Up to now, major superconducting materials have been found 
in the range of orthorhombic structures. Therefore, the difference of physical proper­
ties induced by different structures between our -taj.85*^^0.15^^^4.04 conven­
tional Lai g^SrQ i^CuO^. will give an information of a microscopic picture. Echo 
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Figure 4.1: Optimization of echo intensity by varying two 90° and 180° pulses 
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Figure 4.3: (a) Spin-lattice relaxation rate of La2Cu0^ ç^/^ shows broad maximum 
at ~ 70 K which indicates a phase transition, (b) Spin-spin relaxation 
rate also shows a broad maximum 
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envelopes at 4.2 K between La^ Q^SVQ i^CuO^. and i^CuO^ show 
similar broadenings as shown in Figure 4.5. The main broadening of the echo enve­
lope of the doped La2CuO^ system is coming from the nature of Sr doping, which 
induces the distortion of a local structure around La site by Sr. 
Therefore, the similar broadening as shown in Figure 4.5 can be interpreted 
as the result of iSr doping. The measurement of the longitudinal relaxation rate 
1/Tj is shown in Figure 4.6(a). The measurement of the transverse relaxation time 
Tg at 4.2 K shows quite a different behavior; where the Tg of superconducting 
Lai g^SrQ i^CuO^ is ~ 1 ms, the nonsuperconducting Lai ^^SVQ IQCUO^^ Q^ is 
~ 400 fisec. The temperature dependences of 1/Ti and 1/TTi, as shown in Figure 
4.6(b), rather show the Korringa-like behavior which has the form of l/T^ propor­
tional to T. Therefore, in the microscopic level, iai.85'^^0.15^^^4.04 shows metallic 
behavior as inferred from the temperature dependence of the longitudinal relaxation 
rate. But, the major difference is that there is no large decrease of the longitudinal 
relaxation rate below the superconducting transition temperature 39 K, unlike that 
of superconducting Lai ^^STQ i^CuO/^ • The longitudinal relaxation rates measured 
at 4.2 K also show quite different values, where that of the superconducting sample 
is ~ 100 sec but, the longitudinal relaxation time of nonsuperconducting sample is 
~ 1 sec. From these experiments, we can conclude that Lai^^SrQ i^CuO^ shows 
nonsuperconducting nature, but with metallic properties. 
NQR of Ifa2_a5'5'ra;C'u04 system 
For 0.02 < ®, the systems do not show any three-dimensional antiferromag-
netism, but /iSR measurements show the freezing of Cu moments below 10 K. As 
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shown in Figure 4.7(a), the relaxation rates of Xa2—(® — 0.02, 0.03, 0.04) 
show an increasing behavior with decreasing temperature, where the longitudinal re­
laxation rates are saturated below 10 K and decrease at even lower temperature and 
those of the transverse relaxation rates also show the same behavior. The critical 
enhancement of Ri near the ordering temperature Tjy is accompanied by a diver­
gence of the spin-spin relaxation rate and a consequent minimum in the echo signal 
intensity at Tpf, so that independent measurements of echo intensities by double 90° 
and 180° pulses with interval 10 fisec show minima: 10 K for Lai QgSrQ Q2CuO/i, , 
7.4 K for Lai g'^SrQ , and 5.2 K for Lai qqStq q/^CuO^ (Figure 4.8). 
We can assign these minimum intensities as magnetic transition temperatures, 
if the temperature interval, where we measure, is narrow enough so that we only 
observe the contribution of shortening of the relaxation time by a critical slowing-
down. The relaxation rates for higher doped samples shown in Figure 4.9 show a 
rapid decrease of the rates with increasing doping level, and for g2 '^^0.08^^^4 > 
the relaxation rates are almost independent of temperatures. 
NQR of Lai Q'jQBaQ i2QCuO^ 
Nonsuperconducting properties observed in La2^j,BaxCuOii with narrow ranges 
around x = 0.12 are the interesting issue to find an origin of the suppression related 
to the mechanism of the cuprate superconductivity. As shown in Figure 4.10, the 
susceptibilities above 50 K show the increasing behavior with increasing temperature, 
which is a typical behavior of other doped La2CuOi^ systems, but below 60 K, the 
susceptibilities increase with decreasing temperature, which has the opposite charac­
teristics of the superconductors. This increasing behavior was often interpreted as the 
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destruction of the antiferromagnetic fluctuation, and this behavior was closely related 
to the structural transition temperature between the low temperature orthorhombic 
to the low temperature tetragonal structure. As shown in Figure 4.11(a) and (b), the 
temperature dependence of the longitudinal relaxation rate also shows a change of the 
slope at the same 50 K without any anomaly of the transverse relaxation rate. Below 
50 K, the longitudinal relaxation rate shows a peak around 18 K, where the origin 
may be coming from the antiferromagnetic ordering. The transverse relaxation rate 
also shows a peak around 18 K. Therefore, from the measurements of the longitudinal 
and the transverse relaxation rates, we can infer the critical slowing down around 18 
K. This peak is quite similar to the relaxation rate of low doped Z/a2_2;iS'ra;Cw04 
systems as shown in Figure 4.7(a) and (b). 
We also measured the echo intensity for three different temperatures shown in 
Figure 4.12. All echo envelopes at 4.2 K, 45 K, and 55 K show a similar broadening 
without any noticeable change between 45 K and 55 K, where the former is in the 
range of the low temperature tetragonal structure, and the latter is in the range of the 
low temperature orthorhombic structure. This behavior suggests that the relaxation 
mechanism of La is not quite correlated with the structural change. 
Discussion 
The magnetic susceptibility of La2CuO/^ as shown in Chapter 2 is quite sim­
ilar to that of conventional solid state reacted Laj ggS'rQ Q2CUO4 . Also, the broad-
enings of echo envelopes measured at 10 K are quite similar to each other, and they 
show low antiferromagnetic transition temperatures. But, the La2CuC?4 04 by the 
two-step method does not show any trace of superconductivity [121]. The possibility 
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of the decrease of the antiferromagnetic transition temperature may be due to the 
introduction of mobile (or localized) holes in CU-O2 plane. But, the observation of 
phase separation in Xa2_j;5'ra;(7Tt04^^ [122] is quite contrary to the nonexistence 
of superconductivity in La2CuO/j^ [121]. Another possibility of the decrease of 
the antiferromagnetic transition temperature may be coming from the difference of 
two structures. La2CuO/!^ shows the tetragonal structure down to 27 K, which is 
contrary to that of La^CuO^ whose structure at room temperature is orthorhombic. 
The decrease of the Néel temperature is caused by the decrease of the growth of 
the antiferromagnetic correlation length between Cv, moments. Therefore, the struc­
tural difference (the slight broadening of x-ray peaks) might change the growth of 
the antiferromagnetic correlation. The longitudinal relaxation rate of La2CuO^ 94 
shows an increasing behavior with decreasing temperature, which can result from 
the growth of the antiferromagnetic correlation. Compared with the relaxation rate 
of ^oi.98'S'^0.02^"^4 ' ^ke relaxation rates show much larger values, where they 
represent the larger correlation lengths. 
For ^®1.85'5'^0.15^"^4.04 ' relaxation rates show the Korringa-like behavior 
rather than the antiferromagnetic Fermi liquid [123]. The main difference between 
superconducting and nonsuperconducting samples is the low temperature crystal 
structure. Nonsuperconducting Lai^^Sr^ i^CuO/^ shows the tetragonal struc­
ture as shown in Chapter 2. The magnetic susceptibility also does not show any 
two-dimensional antiferromagnetic fluctuation contribution indicated by normal para­
magnetic behavior as shown in Chapter 2. 
Spin glass state of Zia2—system is not well defined. f i S R  measure­
ments show the frozen internal moments in the sample but the detail of inside physics 
I l l  
is still in investigation. The measurements of NQR for this system will give a local 
information of the structure. The main interest here is the investigation of the effect 
on magnetic fluctuations and correlations of the finite length L introduced in the 
Cu02 planes hy Sr doping, where L C::; ajs/x and a is the nearest-neighbor intrapla-
nar Cu — Gu distance [120]. The undoped behaves as a two-dimensional 
Heisenberg system with spin S  =  1/2, with important corrections to the magnetic 
correlation length ( due to quantum effects [124] 
- = e®p(|^), (4.42) 
where is a constant of the order of unity, ps is the spin-stiffness constant and 
the AF exchange interaction between adjacent Cu spins is assumed to be of the 
form = 2J5^ • Sj {2Trps ~ 2J > 0). The effect of hole doping on the spec­
trum of magnetic excitations has been recently addressed theoretically [125, 126]. 
La NQR relaxation in with x  = 0.01, 0.025 and 0.05 indicated 
an enhancement of the longitudinal relaxation rate as T approaches the magnetic 
ordering temperature Tj\f < 10 K [105]. The results were tentatively interpreted in 
terms of the slowing down of spin fluctuations related to an increase of the 
static correlation length ^ with decreasing T due to progressive localization of the 
mobile holes at low temperature. However, recent inelastic neutron scattering results 
for X = 0.04 fail to show localization effects and the consequent enhancement of the 
in-plane correlation length [127]. Rather, the data are well-described by a relation 
K{X,T) = K(a;,0) + K(0,r) for the inverse correlation length, which implies a temper­
ature independent static spin-spin correlation length well below room temperature. 
The apparent inconsistency between NMR-NQR and inelastic neutron scattering data 
may in fact be an indication of the peculiar nature of the magnetic fluctuations and 
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of the low temperature ordered phase. It should be noted that the correlation length 
^ corresponding to the pure system is very large below room temperature, i.e., ^ >> 
L. Since L, which is on the order of the average hole-hole distance, is much larger 
than the interatomic spacing a for a; > 0.01, the conditions for observing fluctuations 
on the mesoscopic length scale L {a << L « [128]) appear to be fulfilled. 
In Figure 4.13(a) it is shown that the temperature dependence of Ri can be 
sca led ,  fo r  a l l  va lues  o f  x  and  T  <  2Tjy(a ; ) ,  t o  a  power - l aw dependence  oc  e~^  
= {{T - Tj\f{x))/Tj\f{x))~^ with n = 2.0 ± 0.13. As shown in Figure 4.13(b), 
the temperature dependence of Ri above 2Tj\f{x) can be fitted to an exponential 
behav io r  R-^  =  c{x )exp{2 j \ x ) fT )  with  c{x )  and  2j ' [x )  given  as  a  func t ion  o f  Sr  
doping X in Figures 4.3 (a) and (b), respectively. 
By using static and dynamic scaling arguments [129], we can write = 
f{<lO and Tq = Tcg{q^) ,  where ?; is a critical exponent, ^ is in units of the 
lattice constant a, and f{q^), g{qO are homogeneous functions. By transforming 
the q summation into an integral (%]g —> J q^~^dq) and taking into account the 
convergence of J f{x)/g{x)dx to a number of the order of unity, one gets: 
Rl  =  23Wj^^  =  11 .5 (7 ;vr^e / / ) ^^~^r— =  (4-43)  
Equation (4.43) should be valid for = 2 and in the presence of critical slowing 
down described by the dynamical scaling relation Tc = t where z is a critical 
exponent. The coupling frequency Wg = [8nJ^S'(>S' + l)/3fi.^]^/^ corresponds to the 
value of Tc in the infinite temperature limit when no correlations are present. Here, 
n. = 4 is the number of nearest neighbor magnetic ions. 
In Sr2Cu02Cl2, which contains layers of Cu^'^ spins with about the same 
exchange coupling as in pure La2CuO^, the ^(T) as extracted from Equation (4.43) 
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was found to agree with the theory [Equation (4.42)] and neutron scattering results in 
La2CuO^ [130] except near where a cross-over to a power law behavior of ^(T) is 
obse rved  fo r  Sr2Cu02Cl2  [131] .  On  the  o the r  hand ,  the  enhancement  o f  a t  low T 
(see Figure 4.9) is clearly inconsistent with the temperature independent ^ reported 
by neutron scattering [127] if one refers to Equation (4.43). The same inconsistency 
can be seen by referring to the general expression iZj oc /%m^_^Q(T/w) j" w) 
and using the scaling behavior J  Imx{q , ( ^ )  = c{u j ) tan~^[a i (u ! /T )  + • • •] proposed in 
Ref. [127], which would predict a temperature independent i2j. 
In order to explain the enhancement of at low temperature, we argue that the 
above description of the longitudinal relaxation rate has to be modified in order to 
treat properly the effect of the quasistatic (w = UQ ~ 0) fluctuations of the staggered 
moment of the locally ordered regions of size L. One should go back to Equation 
(4.41), and write: 
= 23WM = 11.5?^(4.44) 
^  AF  
where (/i^yy)^ is the mean square local hyperfine field and is a characteristic 
frequency describing the relaxation of the staggered magnetization fluctuations within 
the finite size regions. In deriving Equation (4.44), we assume that the hyperfine 
field is practically independent of size L of the clusters since it depends only 
on the first few Cu^ '^  nearest neighbors of a given La nucleus. Furthermore, we 
assume Tq = ^(which implies that the local correlation time is dominated by 
the fluctuations of the staggered moment as a whole) and set the local mean square 
normalized fluctuating moment {l/N)J2q = 1. Again, by referring to the more 
widely used expression Ri oc Zzm^_^QX^^(g,w)/w, it is seen that Equation (4.44) 
is consistent with the expression x(g,w) oc f^(l f — if)~^ and the proposed 
115 
form / = f{q^,qa,u!(T,ujjT) [127] provided that, in the limit a; —> 0, the dominant 
dependence is / oc U/T — rather than / a UJ/T as assumed in Ref. 127. By 
assuming in Equation (4.44) ^e// — ^ kG [132] at the La site and Wg ~ 2.9x10^'^ 
rad/sec estimated for 2J ~ 1540 K [133], one can derive the x and T dependence of 
the correlation frequency Tfrom the data analysis results in Figures 4.13(a) and 
4.14: 
(4,45a) 
T > 2Tf^{x) : H 1.81c(x)exp(H^) = (4.456). 
The T dependence of in Equation (4.45a) is quite significant as it represents 
the slowing down of the thermodynamic fluctuations of the staggered magnetization 
in finite size domains of mesoscopic size resulting from the magnetic coupling of the 
domains to each other. The scaling of versus x in c{x) in Equation (4.45b) 
should reflect the lifetime effect of the staggered moment. By generalizing the results 
in \D magnets, where it is found that the lifetime of paramagnons is limited by the 
uncertainty in fc-vector due to finite size correlation length [134], one can argue that 
the lifetime should be proportional to the size L'^ (d = 2) of the locally ordered 
regions, leading to oc oc x~^, as observed [Figure 4.14(a), Equation (4.45b)]. 
For T > 2Tyy(a;), the fluctuations of the staggered moment appear to be determined 
by an effective spin-stiffness constant 2j'{x) which decreases with increasing x and 
goes to zero for x % 0.08 [Figure4.14(b), Equation (4.45b)] in correspondence to the 
onset of the metallic and superconducting phase. This interpretation suggests that 
for X > 0.08, there is no transition into a magnetically ordered state at finite tem­
perature. In view of the small value of 2j' compared to 2J = 1540 K [cf. Equation 
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(4.42)], we speculate that 2j' represents an effective magnetic coupling energy among 
the finite size ordered domains. The power-law critical behavior of Tobserved for 
T —> Tj^ {x) should then be ascribed to the cooperative behavior of the correlated Ç\-
nite size regions within the plane and/or between planes, these being the entities that 
freeze in the magnetically ordered phase; this phase is thus not a conventional spin 
glass as often assumed. The present interpretation removes inconsistencies between 
NQR and inelastic neutron scattering [127] results; whereas the former measurement 
is sensitive to the local quasi-elastic fluctuations of the order parameter within meso-
scopic domains which are affected by the coupling between domains, in the latter 
technique one probes instead the high frequency spin-wave like excitations within 
the domains. Finite size effects as documented here may be the origin of, or con­
tribute to, other unexplained phenomena such as the anomalously strong depression 
of the 3D AF ordering temperature and the rapid decrease of the ordered Cu moment 
with X in La2—xS'''xCuO/i^ for 0 < œ < 0.02 [135]. 
In addition, susceptibilities of La2^x^rxCuOi^ shown in Figure 4.15(a) and (b) 
show similar behaviors like l/Tj , which diverge at the lower temperatures. While 
there is a contribution by the localized defects, the low temperature part of in­
creasing susceptibilities with decreasing temperature can be interpreted as the de­
velopment of the spin glass state. From the rapid increase of resistivities of doped 
[La-^_y,Srx)2^'^0i^ with decreasing temperature [136], we can infer the strong scat­
tering between localized spins and mobile holes due to the ordering at zero tempera­
ture to spin glass state. But, the metallic behaviors, at with increasing susceptibilities 
at higher temperature as shown in Figure 4.15(a), suggest the strong coupling of spin 
degree of freedom and mobile holes. 
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There are numerous studies of Xaj gg5ooj2^^^4 systems. For example, Le 
et al. [137] reported the magnetic order in i2^CuObelow 38 K with 
structural transition from the orthogonal to the tetragonal symmetry at T ~ 55 K. 
Wright et al. [138] observed the specific heat anomaly, which showed magnetic field 
dependent behavior, and they inferred that the crystallographic transition might be 
associated with or driven by an electronic instability. Wada et al. [139] reported 
the nuclear heat capacity which showed that S became larger just at the compo­
sition J^<ïi.875-^®0.125^'"^4 suggesting a correlation of S with Tc- Okajima et 
al. [140] reported the reduction of electronic coefficient of the specific heat around 
La^^'jBaQ i^CuO/^. While NQR measurements of Cu [112] reported the anoma­
lously broadened echo envelopes, the echo envelope of NQR shows no sub­
stantial broadening as seen in Figure 4.12. But, the change of the slope at 50 K 
corresponds to that of susceptibility at 50 K as seen in Figure 4.10. 
While there is no significant change of echo envelopes passing through the struc­
tural transition temperature, the longitudinal relaxation rate changes from decreasing 
behavior with decreasing temperature to increasing behavior with decreasing tem­
perature. Therefore, above 50 K, we observe the usual temperature dependence of 
relaxation rates of superconducting La2^;i^SvxCuO^. But, from the measurement 
of the transverse relaxation rates which showed no anomaly at 50 K, we can de­
duce that the change of the slope of 1/Tj at 50 K is not driven by the structural 
transition since it does not show any anomaly of echo envelopes and the transverse 
relaxation rates. Actually, the two-dimensional antiferromagnetic correlation length 
of Heisenberg model has the form of Equation (4.42) and the longitudinal relaxation 
rate has the form of Equation (4.43), so that the increase of the longitudinal re-
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laxation rate can be induced by the zero temperature magnetically ordered ground 
state, where it becomes non-metallic. Therefore, the peak around 18 K can be as­
signed as the three-dimensional antiferromagnetic ordering or spin glass ordering 
as seen in low doping La2_a;5'rxCu04 system.The trace of superconductivity ob­
served in Laj 875^00 can be understood as phase separation occurred in 
La2—xSvxCuO^ system studied in Chapter 3, or microscopically inhomogeneous na­
ture of the sample. Overall, NQR measurements of La support the ordered ground 
state of 875^^0.125^^^4 ' that the strong spin interaction with mobile holes, 
induced by the structural transition, indicates non-metallic behavior. 
Summary 
We report the longitudinal and the transverse relaxation rates of La2CuO/^ q^, 
85*^^0.15^^^4.04 -^®1.875^^0.125^^^4 ^7 the nuclear quadrupole reso­
nance measurements. The data of nonsuperconducting 875^^0.125^^(^4 show 
an magnetic transition around 18 K and the transition from decreasing longitudinal 
relaxation rate with decreasing temperature to increasing longitudinal relaxation rate 
around 50 K, where the transition temperature is known as the structural transition 
temperature. In addition, the series of measurements on the longitudinal relaxation 
rates of La2 — x^'''xCuO^ in the spin glass regime also indicate the fluctuations of 
staggered moments between mesoscopic domains. Therefore, the results coincide with 
the interpretation in Chapter 3 which predicts the presence of the finite size effect. 
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